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1CHAPTER 1
INTRODUCTION
1.1 Miniaturization in Microelectronics Devices
The trend inthemicroelectronics industry today is to develop smaller, faster, cheaper, and
more efficient devices.1 The International Technology Roadmap for Semiconductors(ITRS)2 has
set goals for the microelectronics industry, and predictsthat the microelectronic feature sizes
(defined bythe DRAM half pitch,half of thedistance between cells in a DRAM memory chip)
will enter the 16 nm regime in 2016.3 In order to accomplish the goals thatvebeen set, there is
a continuing effort to construct integrated circuits that are more efficient ando build devices
with high aspect ratios.A major obstacleto switching to smallerdevice dimensionsis the
reduction of materialthickness along with thedevicefeature sizes.Thin film growth is a crucial
step in the development ofmicroelectronics. The thicknessof a desiredfilm ranges from two
atomic layers up to tens ofnanometers.For example, the 32nm transistor gate requires a 0.7nm
thick layer of SiO2 as the gate dielectric oxide, and is the ultimate manufacturing limit .4 In order
to reduce the gate lengths further, new gate oxide materialsand film deposition methodsmust be
implemented. The industry can no longer rely on traditional materials that can be used to
construct ultra small devices andconventional film deposition techniques may not bea le to
deposit thin films of the desired materials with high conformality with precise thickness control.5
As a result, development of new film growth materials and deposition techniques are necessary
for the further advancement of the microelectronics industry.6
21.2.1 Thin Film Deposition Techniques
Widely used filmgrowth techniques to grow thin films of material are physical vapor
deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD).PVD
deposits thin films of a material in three basic steps7 (Figure1). First, the material is converted to
a vapor by a physical process and then, it is transferred in alow-pressurechamber to the
substrate. Finally, the vapor is condensed on the substrate surface.  In the first step, the solid
precursor is converted to its vapor either by heating (Fi ure 1a), or sputtering the precursor
Figure 1. Schematic diagram of(a) Evaporative PVD and (b) Sputter PVD.
with a highenergy ion beam (Figure 1b). PVD by sputtering of the precursorvapors occurs in
four steps. 1) High energy ions are gen rated in an ion generator; 2) ions are sputtered to the
target; 3) ejected ions are directed to the substrate surfacevia low pressure chamber; 4) vapor is
condensed on the substrate surface.8 While the evaporative and sputtered PVDcan beused to
grow thin films at high growth rates, it has several limitations, including degradation of the
material by ionic bombardment andpoor conformal coverage of films on high-aspect ratio
devices.8
31.2.2 Chemical Vapor Deposition (CVD)
CVD is a chemicaldeposition process that iswidely used inthemicroelectronic industry
to depositthin films of materials incrystalline or amorphous phases.9a-c Variants of CVDare
based on the operatingpressure,deliverymethod of the precursor vapor, andtheuse ofplasma.9d
Atmospheric pressure (APCVD), low pressure (LPCVD), and ultra high-vacuum (ULHCVD)
CVD processes are based on the operating pressure, whereasaerosol assisted(AACVD) and
direct liquid injection(DLICVD) are based on the precursor deliv ry method. Plasma-enhanced
CVD is a widely used CVD technique thathas beenclassified under the nature of the plasma that
is applied.In a typical CVD process (Figure 2), thesubstrate isexposedto one or moreprecursor
vapors, which are deliveredwith a carriergas to a heated chamber. Several reactions and/or
decomposition pathways can occur in the chamber to afford athin film . Byproducts and
unreacted precursor vapors are swept away by an inert gaspurge.9-10 For many years, CVD has
servedasan importantdeposition technique togrow thin films for microelectronics devices. As
the technology moves toan era of ultra small devices with high aspect ratio features,limitations
of CVD have become apparent.Difficulty obtainingsmoothand conformalcoverage ofthin
Figure 2. Major steps intheCVD growthof metalM from the precursor MLn.
4films on high aspect ratio surfaces demandedth use of an alternativefilm growth technique.10
1.2.3 Atomic Layer Deposition (ALD)
ALD is ableto produce smooth, conformal films with precise thickness control.11 Unlike
its variantCVD, ALD eliminates gas phase reactions by introducing precursors into the reaction
chamber by separate pulses. In a typical ALD process, a metal precursor is introducedinto the
reactionchamber by an inert carrier gas (Figure 3). The precursor is then chemisorbedon the
surface sites of the substrate. Once all reaction sites are saturated,exc ssunreacted precursor and
any byproducts are removed by an inert gas purge. A second precursor vapor is then introduced
into the reaction chamber and subsequently reacts with the metal precursor to give the desired
material. Excess precursor and byproducts are then purged out by an inert gas in order to
completethe first reaction cycle.12a The desired film thickness can be achieved upon repetition of
the ALD cycle.The film growth is self-limited by the fact that only one monolayer of precursors
is afforded in one ALD cycle.The growth rate does not depend on the precursor flux,as long as
sufficient amount of precursor is present in the reaction chamber.The temperature range over
which the growth rate is constant is known as the ALD window12b (Figure 4). At low
temperatures, insufficient reactivity or precursorc ndensation limit the growth mechanism while
precursor desorption or decomposition can occur at high temperatures. In order to be a good
candidate for ALD,a metal precursorshould be highly thermally stable and sufficiently
volatile.12b The thermal stability is determined by melting point, decomposition temperature, and
TGA/DTA analysis, while the volatility is estimated by preparative sublimation experiments.
ALD thin film depositions have been reported for many metal oxides13 (Al 2O3, ZrO2, W2O3,
Figure- 1
5HfO2, Ta2O5), metal nitrides14 (TiN, TaN), and even metalsuch asRu, Pt, Pd, and Cu.15 Metal
oxides can be formed upon reacting the metal precursors with H2O, 2O2, O2, or O3,12,13 while
NH3 and hydrazines are widely used to deposit metallic and metal nitridethin films.16
Figure 3. Schematic illustrationof one cycle of the ALDthin film growth process of HfO2 using
tetrakisdimethylamidohafnium(IV) and water.(1) A silicon wafer terminated with hydroxyl
groups is exposed to the hafniumprecursor and reacts with the substrate surface toafford a
monolayer of the hafnium precursor. (2) Excesshafnium precursor,as well asbyproducts, are
removed by an inert gas purge.(3) The second precursor vapor (water) is introduced into the
deposition chamber. Water reacts with the surfaceamido groupsto form ahydroxyl-terminated
surface. (4) Excess water andbyproductsare removedby an inert gas purge.
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Figure 4. (a) Schematic illustrationof the ALD window; (b) growth rate is limited by precursor
condensation; (c) insufficient reactivity; (d) precursor decompositionor (e) precursor desorption.
1.3 Advantages of ALD over other Film Growth Techniques
ALD is an advanced variant of CVD. The bottom-up growth mechanismof ALD leads to
pinhole free, smooth thin films for high-aspect ratio devices. ALD deposits only one layer at a
time by a self-limiting growth mechanism.The final film thicknessis dependent only upon the
number of deposition cycles. Therefore, ALD is a superior technique that can be used to grow
ultrathin, uniform films on nanotubes, nanowires, andother nano scale deviceslike capacitor
dielectrics in DRAMS.11,12 Also the robust film depositiontechnique can bescaled-up for mass
industrial production. Lower deposition temperatures limit the decomposition of the metal
precursors and allow the use of sensitive precursors.Finally, inert gas purging between cycles
enables low surface contamination and produces thin films with excellent physical and chemical
properties.13,14
71.3 ALD Precursor Requirements
A successful ALD precursor should be sufficiently volatile and thermally stable.12
Reasonablevolatility (vapor pressures of 0.1 Torr and < 200 ð° C) is vital to afford adequate
precursor delivery fromthe sample holder to the reaction chamber. Sufficient thermal stability is
important to prevent decomposition at elevated temperatures and is the most difficultpropertyto
achieve in precursor synthesis.Minimal steric bulk of ligandsis favored over sterically
demanding ligands toenable a higher surface coverage of metal precursor molecules, leading to a
maximum film growth rate. In addition, a given precursor should reactwith or adsorbon a
functionalizedsubstratesurfaces like silicon, andshould react towards the second precursor, in
order to complete the ALD cycle. Finally, the film growth by-products should be volatile in order
to be sweptawayby an inert gas purge, otherwise surface contamination issues might occur. Air
and moisture sensitivityare desirable propertiesfor the ALD precursorssince they indicate
reactivity towards water and oxygen.13-16
1.4Tantalum Nitrides
Tantalum nitride (TaNx) is a promising encapsulating material for copper metallization.17a
Several phases of TaNx exist in different stoichiometries, including TaN, Ta2N, Ta4N5, Ta3N5,
and TaN1.33. The reported resistivity of TaNx ranges from 200 to 1000ðmðW cm, making TaNx
useful as low resistivitycoatings. In addition, good adhesion properties to copper, high resistance
to chemical corrosion, andits ability to form conformal films make TaNx films very usefulto the
microelectronics industry.17b A number of film growth techniques have beenused to deposit
TaNx thin films includingCVD, PVD, and ALD.CVD precursors includeTa(=NtBu)(NEt2)3,18a
8Ta(NMe2)5,18b Ta(NEt2)5,18c Ta(=NEt)(NEt2)3,18d Ta( 2-EtN=CMeH)(NEt2)3, ( 2-
RN(CH2)nNR)Ta(NMe2)3 (where R= Me, n= 2, 1; R= Et, n= 2, 2; R= Me, n= 3, 3; R= Et, n=
3, 4), ( 2-tBuNC(NMe2)NEt)Ta(NMe2)4, and [( 2-iPrNC(NMe2)NiPr)Ta(NMe2)4.18e Most
precursors are in the +5oxidation state of tantalum and face a common problem of finding
suitable reducing agents to deposit TaNx films where tantalum is in its +3 oxidation state.
Hoffman and co-workers have reported the deposition ofTaN1.33 films by CVD using
Ta(NEt2)2(NCy2)2, a Ta(IV) precursor, to overcome the reduction barrier.19 A PEALD method
was applied to deposit TaNx films with a low resistivity of 380ðmðW cm by combining
Ta((NMe)2)5 with H2-N2 plasma.18c A similar PEALD study with (tBuN)Ta(NEt2)3 and hydrogen
plasma afforded TaNx films with resistivities of 300-5000  cm, but high carbon contamination
in the films was evident.20 Thin films of TaNxCy were depositedby an ALD method using
derivatives of Ta(=NtBu)(NEt2)3 with ammonia as the reducing agents.21 Other interesting ALD
precursors to grow TaNx are Ta(NtBu)(NEtMe)3,22 Ta(NtBu)(NEt2)3,18a and
Ta(=NtBu)(NMe2)3.18a,c
1.5Tantalum Oxides
Ta2O5 has a high refractive index of2.116 – 0.005and can be used as anti-reflective
coatings and waveguides for light.23-25 Furthermore,there is a continuing demand in the
microelectronics industry to deposit Ta2O5 thin films due to itsproperties including high
hardness, scratch resistance, durability, and resistance to laser radiation damage. In addition, it is
compatible with silicon substrates in semiconductor devices.23 Recent developments in resistance
switching in ReRAM devicesare focused on metal/metal oxide/metal cells. A system with
9Pt/Ta2O5/Pt studied by Noh and co-workersproved that rapid switching of "on" and "off" states
is possiblethrough the formation of low resistiveTaO2 upon reduction. TaO2 has much lower
resistivity than Ta2O5 and serves as the "on" state for the device.23 Upon re-oxidation, the film
transforms tohigh resistive Ta2O5, which represents the "off" state of the device. These
transformations are highly reversible for extended times and compose the basis of the ReRAM
device (Figure 5).
Figure 5. Schematicdiagram of aReRAM device of Pt/Ta2O5/Pt, where Ta2O5 in the"off" state
is reversiblyreduced to TaO2 in the"on" state.
Several CVD and ALDprocesses have been usedto deposit Ta2O5 thin films. A highly
thermally stable tantalum pyrazolate precursor (TaNtBu)(tBupyz)3, was  used as an ALD
precursor in conjunction with ozone to deposit Ta2O5 thin films by Winter and co-workers.24
This process has a wide ALD window between 300 and 450ð° C, due to the remarkable thermal
stability of the tantalum pyrazolate precursor. The same research group haslso reported ALD
growth of Ta2O5 thin films with Ta(NtBu)(iPrNC(Me)NiPr2)(NMe2) and water.25 Another
tantalum compound, [Ta(NMe2)4(OC(OtBu)CHC(OtBu)O)], has been used as a CVD precursor
for the growth of titanium-tantalum oxide films.Zhang andco-workers34f have reported a CVD
growth of Ta2O5 thin films on silicon substratesby photo-inducing hottantalumlament in the
presence of O2 and argon.
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1.6Niobium Nitride s and Oxides
Niobium nitride is an excellent conductor of electricity and a promising junctio
electrode material.26 High hardness and high transition temperature (Tc > 15 K) makes it a
promising material for Josephson junctions in microelectronic devices, whereNbN thin films
serve assuperconducting layers.26 Superconducting layers of NbNhave also been used in single
photon detectors.31 Reichman and co-workers have reported the properties of Nb2O5 thin films
for the first time.27 Nb2O5 is a poor conductor of electricity, but is an efficient supporter of
electrostatic fields, hence a superb material as capacitor dielectrics in semiconductor devices.27,28
Several MOCVD and ALD growthprocessesfor Nb2O5 have beenreported in the literature.
Some of theprecursors that have been used to deposit NbN thin films via MOCVD aredimeric
[NbCl3(NSiMe2Ph)(NH2SiMe2Ph)]2, monomeric [NbCl2(NiPr)(HNiPr)(H2NiPr)], and
[NbCl2(NtBu)(HNtBu)(H2NtBu)].29 Furthermore, mixed ligand precursorsof [Nb(NR2)3(NtBu)]
(R = Me, Et) and [Nb(NR2){  2(iPrN)2C(NR2)} 2(NtBu)] (R = Me, Et) were found to be successful
in MOCVD growth of  Nb2O5 thin films.30 CVD using [NbCl3(NSiMe2Ph)(NH2Si-Me2Ph)]2 at
high temperatures (600ð° C) affordedthin films of Nb3N4 composition.31 Another two compounds
([M(NMe2)4(di-tert-butylmalonato)] M = Nb, Ta), wheretheniobium compound was studied for
MOCVD growth of Nb2O5 and tantalumcompound was studied for liquid injection
metalorganic chemical vapor deposition (LI-MOCVD) to deposit Ta2O5 thin films.32ALD studies
were carried out with tBuNNb(NEt2)3, tBuNNb(NMeEt)3, andtamylNNb(OtBu)3 by Ritala and
co-workersarethe first reported ALD precursorsto deposit Nb2O5 thin films using ozone as the
second precursor.33 As mentioned earlier, sufficient volatility is a common requirement for ALD
and CVD precursors.Table 1 summarizes the volatility data of selected group 5 precursorsat the
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statedpressures.34a The pyrazolato precursorTa(NtBu)(tBu2pz)3 sublimes at 160ð° C / 0.05 Torr
and mostcompounds sublime at temperatures below 120 ð° C.
Table 1.34a Group 5 MetalPrecursorsfor Thin Film Growth.
Nb(NtBu)((NiPr)2C(NMe2))2(NMe2)29       . evap 37ð° C, 1 mbar
[NbCl3(NSiMe2Ph)(NH2SiMe2Ph)]231       . .evap 37ð° C, 1 mbar
Nb(NMe2)4(OC(OtBu)CHC(OtBu)O)29        mp. 93ð° C
Nb(NEt2)526...................................................................subl 90ð° C, 0.05 Torr
Nb(NtBu)(NEt2)336              . subl 65ð° C, 0.03 Torr
Nb(NtBu)(NMeEt)336             . subl 55ð° C, 0.03 Torr
Nb(tAmyl)(OtBu)328             .......subl 60ð° C, 0.03 Torr
Ta(NtBu)(iPrNC(Me)NiPr)2(NMe2)225      .. subl 120ð° C, 0.05 Torr
Ta(NtBu)(3,5-(tBu)2-pyrazolate)324        ....subl 160ð° C, 0.05 Torr
Ta(NtBu)(NEt2)334b               subl 65ð° C, 0.05 Torr
Ta(NtBu)(NMeEt)322             .. subl 55ð° C, 0.05 Torr
Ta(tBuNC(NMe2)NEt)(NMe2)418c        .. subl 77ð° C, 0.05 Torr
Ta(iPrNC(NMe2)NiPr)(NMe2)418e        .. subl 79ð° C, 0.05 Torr
Ta(NMe2)4(OC(OtBu)CHC(OtBu)O)34c    ............mp 116ð° C
Ta(C5H5)(NtBu)(NEt2)234e           .. subl 120ð° C, 0.05 Torr
Ta(NMe2)518b                .. subl 75ð° C, 0.03 Torr
Ta(NEt2)2(NCy2)219              . aerosol-assisted at 1 atm
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1.10Retention of the Final Film Oxidation State: ALD Growth of Tungsten(III) Oxide
Films from a Low Valent W2(NMe2)6 Precursor
In the film growth techniques that have been explained herein, the nature and chemical
behaviorof the precursorsaffects the deposited material as well as its properties.34 In the course
of depositing oxide and nitride phases by CVD or ALD, a metal precursor is combined with an
oxygen source or a nitrogen source. Water,hydrogen peroxide,oxygen, and ozone can be used as
oxygen sources and ammonia is themost common nitrogen source. There are threemain
categories that the metalprecursors can fall into: (1) the precursor is alreadyin its highest
attainable oxidation state andis the same asthe oxidation state of the deposited film, (2)
oxidation of a mid- or low-valent precursor to afford a film with a higher oxidation state, in the
course of the deposition process, or (3)use ofa reducing agent along with the metal precursor to
afford a lower film oxidation state.34a,35 Deposition processesthatuse a precursor that is not in its
highest oxidation state and retainthe oxidation state of the precursorin the final film are limited
to several CVD processors including the growth of SnO, PbO, and tantalum(IV) nitride films.36
Winter and co-workers have reported the ALD growth of W2O3 thin films from a
tungsten(III) dimer, W2(NMe2)6, and water as the second precursor.37 The film depositions were
carried out at low temperatures (160-2 0 ð° C) and the growth rate plot and the ALD window is
presented in Figure6. A surface-limited constant ALD growth rate of 1.4¯ wasobserved for
precursor pulse lengths of 2.0 s. The films wereanalyzed for elemental composition by time-
of-flight elastic recoil detection (TOF-ERDA). The films deposited at160-200 ð° C contain a
tungsten-to-oxygen ratio of 0.68-0.72, which is within experimental error of the W2O3
composition,hencethe film retains the oxidation stateof the starting metal precursor.  The low
oxidation capability of water, employment of low temperatu es, and high reactivity of
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W2(NMe2)6 towards water enabled the retention of the+3 oxidation statein the film. These
findings offernew insightinto the possibilitiesof growing low oxidation state films thatcannot
be grownby other film growth techniques.Such control of the film oxidation states may be
applicable to other metal precursors to grow films of lower oxidation states, which are yet to be
discovered.37
Figure 6.37 ALD window of growth rate versusW2(NMe2)6 pulse length for a film grown at180
°C (top); Plot of growth rate versus deposition temperature(bottom).
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1.7Pyrazolate and AmidateLigand Systems
Pyrazoles are five-membered heterocycles with two adjoining nitrogen atoms.
Pyrazolate ions areobtainedupon deprotonation of the pyrazoles. Pyrazolates are monoanionic,
five-membered, aromatic nitrogen donor ligands.Complexes containing pyrazolate ligands have
been extensively investigated.38 The pyrazolate ligand can adopt terminal coordination modes39
such asðh2 and ðh5, and bridging coordination modes41 that includeðm-ðh1: ðh1, ðm-ðh2: ðh2, and many
others(Figure 7). The synthesis of the pyrazolato ligandsis straightforward and the R groups at
the 3- and 5- positions can be fine-tuned to afford the desired steric and electronic properties.38,39
Figure 7. Coordination modes of pyrazolate ligands.
Amidate ligands areobtainedby deprotonation oforganic secondary amides. The pKa of
amides rangefrom 16.6 to 25.9 and have intermediatebasicity between amidines and carboxylic
acids40 (Figure 8). Amidate ligands have a mixed N, O donor setandcan be easily synthesized
from inexpensive, commercially available starting materialsin nearly quantitative yields.41 Also
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the steric bulk can be easily altered by changing R and R’. We41 and others42 have synthesized
metal complexes with amidate ligand systemsthat show a wide variety of catalytic, biological,
and thermal properties.Amidateligandspossesvariety ofcoordination modesuch as 1, ðk2,  -

1: 1 and forms complexes with manytransitionmetals across the periodic table41,42 (Figure 9).
Figure 8.41 Structures of amidinate, amidate, and carboxylate ions with the pKa values of the
neutral acid species.
Figure 9.41 Schematic illustration of potentialcoordination modes of amidate ligands.
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1.8Zirconium(IV) and Hafnium (IV) PyrazolateComplexes
Our laboratory has explored the volatility and thermal stability of zirconium and hafnium
pyrazolate complexes as potential precursors for ALD towards deposition of zirconium nitride
and hafnium nitride thin films.39a Treatment of tetrakis(dimethylamido)zirconium with four
equivalents of 3,5-di-tert-butylpyrazole, 3,5-dimethylpyrazole, and 3,5-diphenylpyrazole
afforded corresponding 8-coordinate pyrazolate complexes in excellent yields (eq. 1).39j
In contrast to zirconium pyrazolate complexes, salt metathesis reactions were found to be
an excellent route to makehafnium pyrazolate complexes.39j Treatment of hafnium tetrachloride
with 4 equivalents of potassium salts of the di-tert-butylpyrazolate and 3,5-dimethylpyrazolate
afforded the corresponding 8-coordinate hafnium pyrazolate complexes in good to moderate
yield (eq. 2). The 3,5-diphenylpyrazolate complex was crystallized as a toluene adduct.
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Treatment of4 with one equivalent of 3,5-dimethylpyrazole in hexane afforded a new
complex containing three 2-3,5-dimethylpyrazolato, one  1-3,5-dimethylpyrazolato, and one 1-
3,5-dimethylpyrazole ligands (eq. 3).The  1-3,5-dimethylpyrazolato ligand is connected via a
hydrogen bond to the other 1-3,5-dimethylpyrazole ligand. Similar adduct formation was not
evident with the other complexes (1-5).
Our laboratory has also synthesized zirconium and hafnium complexes containing both
pyrazolate and chloride ligands.39j Treatment of zirconium and hafnium tetrachloride with 4
equivalents of potassium 3,5-di-tert-butylpyrazolate in toluene afforded tetrakis(3,5-di-tert-
butylpyrazolato)zirconium(IV) (2) and tetrakis(3,5-di-tert-butylpyrazolato)hafnium(IV) (5)
respectively in good yields. Treatment of2 and 5 with zirconium tetrachloride and hafnium
tetrachloride in dichloromethane afforded chlorotris(3,5-di-tert-butylpyrazolato)zirconium(IV)
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(8) and chlorotris(3,5-di-tert-butylpyrazolato)hafnium(IV) (9) respectively in excellent yields (eq.
4).
1.9Zirconium(IV) and Hafnium (IV) Amidate Complexes
Our laboratory hasynthesizedandexploredthe thermal stability and volatility behavior
of metal complexes containing amidate ligands.38 Zirconium and hafnium amidate complexes are
particularly of interest to us given their potential use as ALD precursors for oxide and nitride
films. Functional devices such ascapacitors, tunnel junctions,optical coatings, and dielectric
gates make use of such films. We have obtained a series of volatile and thermally stable
compounds in high yields41 (eq. 5).
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These complexes have been thoroughly characterized (Table 2) to assess the thermal
stability and volatility behavior by melting point, sublimation, and decomposition temperatures.
Due to the extreme air sensitiv ty of 10-15, the TGA experiments could not be accurately
performed.The datashows clearly that these complexes can be potential ALD precursors for the
development of zirconiumand hafnium oxide thin films.
Table 2.41 Preparative Sublimation Data andDecomposition Temperatures for10-15.
 C o m p o u n d
 P r e p a r a t i v e
 S u b l i m a t i o n
 T e m p e r a t u r e
 ( °  C / 0 . 0 5   T o r r )
 %   R e c o v e r y  %   R e s i d u e
 D e c o m p o s i t i o n
 T e m p e r a t u r e
 ( °  C )
 1 0  1 3 5  9 2 . 2  3 . 1  2 8 0
 1 1  1 3 0  8 4 . 5  1 . 4  3 3 5
 1 2  1 3 0  9 6 . 4  0 . 9  2 7 0
 1 3  1 4 0  9 4 . 9  1 . 1  3 0 0
 1 4  1 3 5  8 6 . 8  1 . 3  3 6 0
 1 5  1 3 0  9 5 . 8  0 . 7  2 9 0
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1.11 Metallabenzenes and Metallapyridines
The idea ofaromaticity and aromatic compounds was first reported byWilhelm Hofmann
in 1855.43a Shortly after, KekülØ,a French scientist, proposeda conjugated, cyclic six membered
ring structure for benzene and discussed its stability.43b That discovery lead to a new era of
organic chemistry of aromatic compounds. Aromatic compounds obey theHückel [4n+2] ðp-
electron rule and contain a conjugated ring structures. Replacement ofa ring-coreCH groupwith
an isolobal heteroaromatic fragment leads to the formation of benzenoid aromatic rings,suchas
pyridine, phosphabenzene, and thiabenzene. Similarly, replacement of onering-core CH group
by an isolobal transition metal fragment leads to the formation of metallabenzenes.43a
Metallabenzene complexes are the most widely studied metallaaromatics, and contain
planar or nearly planar, conjugatedsix-membered rings with six delocalizedðp-electronsobeying
the Hückel formalism. There is continuing interest in these compounds, due to their structural
resemblance to benzene, potential aromaticity, and interestingreactivity.44 Metallabenzenescan
undergo several reactions similar to benzene,such aselectrophilic aromaticsubstitution
reactions. Other reactions include transition metal mediatedoxidative addition, ligand
dissociation,substitution, and cycloaddition.44
Metallabenzenes differ from organic aromatic cycles in that the metal dorbitals
participate in bonding(Figure10). In a formal analysis by Thorn and Hoffmann, four electrons
come from the carbon p orbitals and other two electrons come froma filled metal dxz orbital,
satisfying the Hückel rule.45 A number of physical methods have been used to study
metallabenzenes. Structural features of metallabenzenes are addressed byX-ray crystallographic
determinations.
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Figure 10. Molecularorbital diagram of acyclically delocalizedðp-electronic structureof a
metallabenzene.
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1H and13C NMR spectroscopic studiesshowed that these metallacycles exhibit deshielded ring
proton resonances in a fashion similar to the organic aromatic rings. Shorter bondlengths, bond
angles, and theoretical calculationshavealso provided additional evidence for aromaticity.43,44
The first isolated metallabenzene compound(osmabenzene)was reported by Roper and
co-workers in 1982.45 Since then a number of other studies were reported in the literature
explaining the synthesis, characterization, and reactivity of other osmium containing
metallacycles including osmabenzynes46 and osmabenzofuran.47 Other widely studied
metallabenzenes includeruthenabenzene,48 platinabenzene,49 and iridabenzene50 (Figure11). A
number of differentsynthetic routesto afford metallabenzenes have beenreported in the
literature.  Although intramolecular cycloaddtion is commonly employed to form metallacycles,a
number of examplesillustratethe formation of metallacycles withmolecules or ions thatlready
contain the five carbon atomsthat form metallabenzene rings which aredirectly added to a metal
center.44
Figure 11. Examplesof osmabenzene (A);iridabenzene (B);ruthenabenzene (C); and
platinabenzene (D).44c
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Replacement of onering-coreCH by an isolobal metal fragment in pyridine would afford
a metallapyridine. Wigley and co-workers have reported several compounds whichcontain
tantalapyridine rings.51 The Ta(=NCtBu=CHCtBu-CHXOAr)2(THF) complex contains a six
membered metallapyridine ring. The C-C bond lengths range between 1.35(2) and 1.45(2)¯ ,
which areslightly shorter and longer than thoseof C-C single and double bonds respectively.
Even though thering is nearly planar (mean deviation from planarity of 0.02 ¯), it displaysnon-
aromaticcharacteras theðp-electrons are localized.Liu and co-workers52 have recently reported
the synthesis and characterization of osmapyridine and osmapyridiniumri g structures(Scheme
1). These metallacycles, were afforded upon 4+2 cycloaddtion of acetonitrile to the osmium
complex[OsHCl2(ð” C-C(PPh3)=CHPh)(PPh3)2]BF4, which was then treated with acetonitrilein
the presence of PPh3 and refluxed overnight toafford the osmapyridinium ring via 4+2
cycloaddtion.The osmapyridiniumcompoundcan be deprotonated to affordthe osmapyridine
compound. These metallacycles have been studied by X-ray crystallography. The C-  bonds
bond distances are shorter and longer than that of typical C-C single and double bonds,
respectively.Also the Os-N and Os-C bond lengths were found to be withinthe range of reported
values.
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Cl Cl
C
C
C
PPh3BF4
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Scheme1. Structures andPreparation ofOsmapyridine and Osmapyridinium Ions.52
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Osmapyridine ringsareplanar to 0.0254¯ and the sum of the bond angles within the ringwas
found to be 719.9ð° (ideal 720ð° ). Therefore, the osmapyridinium and osmapyridine rings obey the
Hückel formalism and are formally aromatic, which is confirmed by Nucleus Independent
Chemical Shift (NICS) calculations as explainedin chapter2.3herein.
1.12Thesis Problem
There has been a continuing interest in developing ALD film growth processes in which
the precise thickness control and excellent conformality of films can be advantageously used by
the microelectronics industry. The continuing demandto evelop metal nitride and metal oxide
thin films for new high- dielectrics, barrier materials, and superconducting materials requires
the use of novel precursors and film growth techniques. There are no ALD thin film growth
processes of NbO2, and TaO2 reported to date. Synthesis of new classes of thermally stable and
volatile low valent group 5 precursors will give us access to deposit thin films of the the target
materials by ALD. These materials might have properties useful for the advancement of
microelectronics industry, and we will be able to grow conformal ALD thin films with excellent
thickness control for potential applications in high-aspect ratio devices.
This thesis focuses on the synthesis and characterization of low valent group 5
organometallic compounds and assessment of their properties towards potential use as ALD
precursors. We have synthesized zirconium(IV) and hafnium(IV) compounds with nitrogen rich
donor ligands and found to be excellent precursors for ALD.The ionic radii of niobium(IV) and
tantalum(IV) are comparable to thoseof zirconium(IV) and hafnium(IV) (Table 3).53 Therefore,
expecting similar coordination behavior,the synthesis and characterization ofniobium(IV), and
tantalum(IV)complexes containing pyrazolate, amidate, and related ligandsi explored. The goal
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is to prepare thermally stable and volatile compoundsthat may be suitable for potential use as
ALD precursors for depositing metal nitride or oxide thin films.More importantly, we might be
able to deposit thinfilms of NbO2, and TaO2 with these new precursors, upon applying mild ALD
deposition conditions. Nuclear magnetic resonance (NMR) and X-ray crystallography of
successfully crystallized compounds will be used to address their structural features. In orderto
evaluate thermal stability and volatility, preparative sublimations, thermogravimetric analysis
(TGA), melting point determinations, and thermal decomposition experiments were carried out.
Finally, suitable precursors will be tested for the deposition of metal oxide thin films by ALD.
Table 3.53 Selected metal ion radius (¯ ).
Metal Ion Zr4+ Hf4+ Nb4+ Ta4+ Nb3+ Ta3+
Ionic radius (¯) 0.71 0.71 0.68 0.68 0.72 0.73
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CHAPTER 2
METALLAPYRIMIDINES A ND METALLAPYRIMIDINI UMS FROM OXIDATIVE
ADDITION OF PYRAZOLATE N -N BONDS TO NIOBIUM(I II), NIOBIUM(IV), AN D
TANTALUM(IV) METAL C ENTERS AND ASSESSMENT OF THEIR AROMATIC
CHARACTER
2.1  Introduction
 P y r a z o l a t e   l i g a n d s   a r e   r e m a r k a b l y   u n r e a c t i v e ,   a n d   g e n e r a l l y   s e r v e   a s   a n c i l l a r y   l i g a n d s . 3 8 , 3 9
 O x i d a t i v e  a d d i t i o n   o f   p y r a z o l a t e   N - N   b o n d s   c o u l d   a f f o r d   m e t a l l a p y r i m i d i n e s ,   w h i c h   a r e   m e t a l -
 c o n t a i n i n g   a n a l o g s   o f   t h e   a r o m a t i c   n i t r o g e n   h e t e r o c y c l e   p y r i m i d i n e . M e t a l l a p y r i m i d i n e s   f a l l   i n t o
 t h e   g e n e r a l   c l a s s   o f   m e t a l l a a r o m a t i c s .   N i t r o g e n - c o   t a i n i n g   m e t a l l a b e n z e n e   a n a l o g s   a r e   r e s t r i c t e d
 t o   a n   o s m a p y r i d i n e , 5 2  a n   o s m a p y r i d i n i u m , 5 2  a n d   a   t a n t a l a p y r i d i n e . 5 1  T h e   o n l y   r e p o r t   o f   p y r a z o l a t e
 N - N   b o n d   c l e a v a g e   i n v o l v e d   a   s e r i e s   o f   t e t r a n u c l e a r   u r a n i u m   c o m p l e x e s   t h a t   w e r e   o b t a i n e d   u p o n
 t r e a t m e n t   o f   U I
 3 ( T H F ) 4  w i t h   p o t a s s i u m   3 , 5 - d i  m e t h y l p y r a z o l a t e   ( K M e 2 p z ) . 5 4  T h e s e   u r a n i u m
 c l u s t e r s   c o n t a i n   M e
 2 p z   a n d   4 - k e t i m i d o p e n t - 2 - e n - 2 - i m i d e   l i g a n d s ,   t h e   l a t t e r   o f   w h i c h   a r i s e s   f r o m
 p y r a z o l a t e   N - N   b o n d   a c t i v a t i o n .
In the course ofresearchin our laboratoryrelating to atomic layer deposition (ALD) film
growth precursors containing pyrazolate ligands39a-g and the ALD growth of mid-valent transition
metal oxide and nitride films,37 attempts were madeto prepare mid-oxidation state niobium and
tantalum compounds that contain pyrazolate ligands and that might serve as ALD precursors for
M2O3 and MO2 films.  T h i s   c h a p t e r   e x p l a i n s t h e   u n e x p e c t e d   f i n d i n g   t h a t 3 , 5 - d i  - t e r t -
 b u t y l p y r a z o l a t e   ( t  B u
 2 p z )  N - N   b o n d s   u n d e r g o   t w o   e l e c t r o n   o x i d a t i v e   a d d i t i o n   o n   a p u t a t i v e
 n i o b i u m ( I I I )  c e n t e r   t o   a f f o r d   a   n i o b i u m ( V )   c o m p l e x   t h a t   c o n t a i n s   t h e   2 , 2 , 6 , 6 - t e t r a m e t h y l - 5 -
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 k e t i m i d o h e p t - 3 - e n - 3 - i m i d e   ( t m k h 3 - )   l i g a n d   ( C h a r t   1 ) .   O n   n i o b i u m ( I V )   a n d   t a n t a l u m ( I V )   i o n s ,
 t  B u
 2 p z  N - N   b o n d   c l e a v a g e   i s   a l s o   o b s e r v e d ,   a l o n g   w i t h   h y d r o g e n   a t o m   a b s t r a c t i o n   b y   t h e   5 -
 k e t i m i d e   n i t r o g e n   a t o m ,   t o   a f f o r d h y d r o g e n   s u b s t i t u t e d   t m k h 2 -  l i g a n d s   ( C h a r t   1 )   s u p p o r t e d   o n
 n i o b i u m ( V )   a n d   t a n t a l u m ( V )   c e n t e r s .   T h e s e   n e w   c o m p l e x e s   p r o v i d e   t h e   f i r s t   e x a m p l e s   o f
 p y r a z o l a t e   N - N   b o n d   c l e a v a g e   a t   s i n g l e   m e t a l   c e n t e r s ,   a n d   a l s o   c o n s t i t u t e   t h e   f i r s t   e x a m p l e s   o f
 p l a n a r   m e t a l l a p y r i m i d i n e s   a n d   m e t a l l a p y r i d i n i u m s .   T h e   a r o m a t i c i t y   o f   t h e   m e t a l l a c y c l e s   i s
 p r o b e d   b y   v a r i a b l e   t e m p e r a t u r e   N M R   s p e c t r o s c o p y   a n d   t h e o r e t i c a l   c a l c u l a t i o n s .
 C h a r t   1 .  S t r u c t u r e s   o f   t m k h 3 -  a n d   t m k h 2 -  l i g a n d s .
2.2 Results andDiscussion
 T r e a t m e n t   o f   N b C l
 4 ( T H F ) 2  w i t h   t w o   e q u i v a l e n t s   o f   4 - t e r t - b u t y l p y r i d i n e   ( 4 - t  B u p y )   i n
 T H F ,   f o l l o w e d   b y   a d d i t i o n   o f   t h r e e   e q u i v a l e n t s   o f   K t  B u
 2 p z ,   l e d   t o   t h e   i s o l a t i o n   o f 1 6  a s   d e e p   r e d
 c r y s t a l s   ( S c h e m e   2 ) .   P r e s u m a b l y ,   t h e   4 - t  B u p y   d i s p l a c e s   t h e   c o o r d i n a t e d   T H F   l i g a n d s   f r o m
 N b C l
 4 ( T H F ) 2  t o   a f f o r d   N b C l 4 ( 4 - t  B u p y ) 2 ,   w h i c h   i s   m o r e   s o l u b l e   a n d   f a c i l i t a t e s   t h e   r e a c t i o n .
 A n a l o g o u s   t r e a t m e n t   o f   T a C l
 4 ( 4 - t  B u p y ) 2 1 9  w i t h   t h r e e   e q u i v a l e n t s   o f   K t  B u 2 p z   a f f o r d e d 1 7  u p o n
 w o r k u p   a s   y e l l o w   c r y s t a l s   ( S c h e m e   2 ) .   T r e a t m e n t   o f   M C l
 4 ( 4 - t  B u p y ) 2  w i t h   f o u r   e q u i v a l e n t s   o f
 K  t  B u
 2 p z  i n   r e f l u x i n g   T H F   f o r   7   d a y s   d i d   n o t   l e a d   t o   d i s p l a c e m e n t   o f   t h e   r e m a i n i n g   c h l o r i d e   i o n ,
 a n d   o n l y 1 6  a n d  1 7  w e r e   i s o l a t e d i n   y i e l d s   s i m i l a r   t o   t h o s e   o b s e r v e d   w i t h   t h r e e   e q u i v a l e n t s   o f
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 S c h e m e 2 .  S y n t h e t i c   a p p r o a c h   t o 1 6  a n d  1 7 .
 S c h e m e 3 .  S y n t h e t i c   a p p r o a c h   t o 1 8 .
 K  t  B u
 2 p z .   T r e a t m e n t   o f   N b C l 4 ( T H F ) 2  w i t h   N a / H g   i n   t h e   p r e s e n c e   o f   4 - t  B u p y   ( 3   e q u i v )   a n d
 K  t  B u
 2 p z   ( 3   e q u i v )   i n   d i e t h y l   e t h e r   f o r   4 8   h o u r s   a f f o r d e d 1 8  a s   d e e p   r e d   c r y s t a l s   u p o n   w o r k u p
 ( S c h e m e   3 ) .  T h i s   r e a c t i o n   m a y   p r o c e e d   b y   f o r m a t i o n   o f   N b C l
 3 ( 4 - t B u p y ) 3  a n d   s u b s e q u e n t
 K  t  B u
 2 p z  s a l t   m e t a t h e s i s ,   o r   v i a   N b ( I V )   p y r a z o l a t e   s p e c i e s   t h a t   a r e   r e d u c e d   b y   N a / H g . C o m p l e x
 1 8  d i f f e r s  f o r m a l l y  f r o m  1 6  b y   a d d i t i o n   o f   H C l .   H e n c e , 1 8  i  s   a   m e t a l l a p y r i m i d i n e ,   w h e r e a s 1 6
 a n d  1 7  a r e   m e t a l l a p y r i m i d i n i u m s .   C o m p l e x e s 1 6 - 1 8  w e r e   i d e n t i f i e d   b y 1 H   N M R ,  1 3 C {  1 H }   N M R ,
 a n d   i n f r a r e d   s p e c t r o s c o p y ,   C H N   m i c r o a n a l y s e s ,   a n d   b y   X - r a y   c r y s t a l l o g r a p h y   a s   d e s c r i b e d   b e l o w .
 T h e  1 H   a n d  1 3 C {  1 H }   N M R   s p e c t r a   o f 1 6 - 1 8  s h o w e d   t h e   e x p e c t e d   r e s o n a n c e s   f o r   t w oðh  2 - t  B u
 2 p z
THF, 67 oC, 16 h
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 l i g a n d s   a n d   o n e   t m k h 2 -  ( 1 6 ,  1 7 )   o r   t m k h 3 -  ( 1 8 )   l i g a n d .   I n   t h e 1 H   N M R   s p e c t r a , 1 6 - 1 8  e a c h   e x h i b i t
 o n e  t e r t - b u t y l   s i n g l e t   f o r   t w o   e q u i v a l e n t t  B u
 2 p z  l i g a n d s   b e t w e e nd  1 . 3 3   a n d   1 . 4 2 ,   a n d   a l s o   s h o w   a
 s i n g l e t   b e t w e e nd  6 . 1 7   a n d   6 . 5 2   f o r   t w o   c h e m i c a l l y e q u i v a l e n t   p y r a z o l a t e   r i n g   c o r e   h y d r o g e n
 a t o m s .   T h e   t m k h 2 -  ( 1 6 ,  1 7 )   o r   t m k h 3 -  ( 1 8 )   l i g a n d s   i n 1 6 - 1 8  e a c h   s h o w   t w o   r e s o n a n c e s   b e t w e e nd
 0 . 9 7   a n d   1 . 1 7   f o r   t h e   t w o   t y p e s   o f t e r t - b u t y l   g r o u p s ,   a n d   s i n g l e t s   b e t w e e nd  5 . 8 6   a n d   5 . 9 7   f o r   t h e
 l i g a n d   c o r e   h y d r o g e n   a t o m s .   A d d i t i o n a l l y ,  1 6  a n d  1 7  h a v e   N - H   r e s o n a n c e s   a td  9 . 8 5   a n d   9 . 2 8 ,
 r e s p e c t i v e l y .   T o   p r o b e   t h e   o r i g i n   o f   t h e   N - b o u n d   h y d r o g e n   a t o m   i n 1 6  a n d  1 7 ,   t h e   s y n t h e s i s   o f 1 6
 w a s   r e p e a t e d   i n   9 9 . 8 %   T H F - d
 8 .   W o r k u p ,   f o l l o w e d   b y 1 H   N M R   a n a l y s i s ,   i n d i c a t e d   a n   8 1 %
 r e d u c t i o n   i n   t h e   i n t e g r a t i o n   o f   t h e   N - H   h y d r o g e n   a t o m   r e s o n a n c e   a td  9 . 8 5 .   T h i s   e x p e r i m e n t   i s
 c o n s i s t e n t   w i t h   t h e   T H F   s o l v e n t   a s   t h e   p r e d o m i n a n t   s o u r c e   o f   t h e   n i t r o g e n - b   u n d   h y d r o g e n
 a t o m s   i n  1 6  a n d  1 7 .   T h e   i n f r a r e d   s p e c t r a   o f 1 6  a n d  1 7  s h o w   w e a k   N - H   s t r e t c h e s a t   3 3 3 7   a n d
 3 3 4 7   c m - 1 ,   r e s p e c t i v e l y .   A   s i m i l a r   N - H   s t r e t c h   i s   a b s e n t   i n   t h e   i n f r a r e d   s p e c t r u m   o f 1 8 .
 P e r s p e c t i v e   v i e w s   o f 1 6 ,  1 7 ,   a n d  1 8  a r e   s h o w n   i n   F i g u r e s   1 2 ,  1 3 ,   a n d  1 4  r e s p e c t i v e l y .
 T h e  s o l i d   s t a t e s t r u c t u r e   o f 1 7  i s   v e r y   s i m i l a r   t o   t h a t   o f 1 6 .  C r y s t a l l o g r a p h i c   d a t a   a n d   s e l e c t e d
 b o n d   l e n g t h s   a n d   a n g l e s o f  1 6 - 1 8  a r e   p r e s e n t e d   i n   T a b l e s   4 - 7 .  A l l  c o m p l e x e s   c o n t a i n   t w oðh  2 -
 t  B u
 2 p z   l i g a n d s   a n d   o n e   t m k h 2 -  ( 1 6 ,  1 7 )   o r   t m k h 3 -  ( 1 8 )   l i g a n d ,   a n d 1 6 ,  1 7  a d d i t i o n a l l y   c o n t a i n   a
 c h l o r i d e   l i g a n d .   T h e   N b - N   d i s t a n c e s   f o r   t h e t  B u
 2 p z  l i g a n d s   r a n g e   f r o m   2 . 1 2 1 ( 1 )   t o   2 . 1 5 5 ( 1 )   ¯   i n
 1 6  a n d   2 . 1 4 3 ( 4 )   t o   2 . 1 5 6 ( 4 )   ¯   i n 1 8 ,   a n d   a r e   c o n s i s t e n t   w i t h i d e a l i z e d ðh  2 - b o n d i n g .   T h e   N b - N
 d i s t a n c e s   f o r   t h e   t m k h 2 -  l i g a n d   i n  1 6  a r e   1 . 8 1 7 ( 1 )   a n d   2 . 1 5 9 ( 1 )   ¯ ,   w h i l e   t h e   r e l a t e d   v a l u e s   f o r   t h e
 t m k h 3 -  l i g a n d   i n  1 8  a r e   1 . 8 4 1 ( 4 )   a n d   1 . 9 2 7 ( 4 )   ¯ .   T h e s e v a l u e s s u g g e s t   o n e   N b - N   i m i d o - l i k e   b o n d
 w i t h i n   t h e   t m k h 2 -  a n d   t m k h 3 -  l  i g a n d s   i n 1 6  a n d  1 8 ,   r e s p e c t i v e l y , w h i c h  a r e   s l i g h t l y   l o n g e r   t h a n   t h e
 N b - N   d i s t a n c e s   f o r   t y p i c a l   i m i d o   l i n k a g e s   ( 1 . 7 3 - 1 . 7 8   ¯ ) .  3 5 j  T h e   l o n g e r   N b - N   b o n d   l e n g t h   f o r   t h e
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 t m k h 2 -  l i g a n d   i n  1 6  i s   c o n s i s t e n t   w i t h   a   n e u t r a l   n i t r o g e n   d o n o r   a n d   t h e   p r e s e n c e   o f   a   h y d r o g e n
 a t o m   o n   t h i s   n i t r o g e n   a t o m .   I n   f a c t ,   e l e c t r o n   d e n s i t y   f r o m   a   h y d r o g e n   a t o m   w a s   o b s e r v e d   n e a r   N 5
 i n  1 6  a n d   w a s   r e f i n e d i n   t h e   s t r u c t u r e   s o l u t i o n .
Table 4. Crystal data and data collection parameters for16, 17, and18.
16 17 18
Formula C33H58ClN6Nb C33H58ClN6Ta C33 H57N6Nb
FW 667.21 755.25 630.76
space group P21/n P21/n P21/n
a (¯) 10.2766(3) 10.2318(3) 9.5471(9)
b (¯) 17.9182(5) 17.9282(5) 17.2627(15)
c (¯) 20.3739(5) 20.2874(6) 21.1366(19)
 (deg) 94.2780(10) 94.2780(10) 94.2780(10)
V (¯ 3) 3751.61(18) 3721.48(19) 3483.5(5)
Z 4 4 4
T (K) 100(2) 100(2) 100(2)
 ( ¯) 0.71073 0.71073 0.71073
 calcd (g, cm-3) 1.181 1.348 1.203
 (mm -1) 3.859 3.856 3.874
R(F)(%)a 0.0261 0.0209 0.0449
Rw(F)(%)b 0.0598 0.0402 0.1120
aR(F) = Fo -Fc   Fo b Rw(F) = [ w(Fo2 - Fc2)2/  w(Fo2)2]1/2, for I > 2(I)
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Figure 12. Perspective view of16 with thermal ellipsoids at the 50% probability level.
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Table 5. Selected bond lengths (¯) and angles (deg) for16.
Nb-Cl 2.565(2) N(6)-Nb(1)-N(1) 99.68(5)
Nb(1)-N(6) 1.8170(11) N(6)-Nb(1)-N(3) 92.00(5)
Nb(1)-N(1) 2.1208(12) N(1)-Nb(1)-N(3) 168.27(5)
Nb(1)-N(3) 2.1238(12) N(6)-Nb(1)-N(5) 96.90(5)
Nb(1)-N(2) 2.1421(12) N(6)-Nb(1)-Cl(1) 156.15(4)
Nb(1)-N(4) 2.1551(12) C(23)-N(5)-Nb(1) 132.50(10)
Nb(1)-N(5) 2.1591(11) C(25)-N(6)-Nb(1) 145.98(11)
N(6)-C(25) 1.3458(19) C(25)-C(24)-C(23) 121.82(13)
N(5)-C(23) 1.3101(18) N(5)-C(23)-C(24) 121.60(13)
C(24)-C(25) 1.380(2) N(5)-C(23)-C(26) 120.07(13)
C(23)-C(24) 1.431(2) N(3)-C(12)-C(13) 107.79(12)
N(1)-C(1) 1.3397(18) N(3)-C(12)-C(15) 131.30(13)
N(1)-N(2) 1.3745(17) C(12)-C(13)-C(14) 106.79(12)
N(2)-C(3) 1.3446(18) N(4)-C(14)-C(13) 106.86(6)
C(2)-C(3) 1.393(2) N(4)-N(3)-Nb(1) 72.44(7)
C(1)-C(2) 1.403(2) C(14)-N(4)-N(3) 108.11(12)
N(3)-C(12)-C(13) 107.79(12)
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Figure 13. Perspective view of17 with thermal ellipsoids at the 50% probability level.
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Table 6. Selected bond lengths (¯) and angles (deg) for17.
Ta(1)-N(1) 1.8263(13) N(6)-Ta(1)-N(4) 139.34(5)
Ta(1)-N(3) 2.1071(14) N(1)-Ta(1)-N(2) 78.84(6)
Ta(1)-N(6) 2.1111(15) N(3)-Ta(1)-N(2) 89.90(5)
Ta(1)-N(4) 2.1277(14) N(1)-Ta(1)-Cl(1) 157.76(5)
Ta(1)-N(2) 2.1328(13) N(1)-C(1)-C(2) 118.63(15)
Ta(1)-N(5) 2.1391(15) N(1)-C(1)-C(4) 116.31(15)
Ta(1)-Cl(1) 2.4882(4) C(2)-C(1)-C(4) 125.00(16)
N(1)-C(1) 1.333(2) C(1)-C(2)-C(3) 122.36(16)
N(2)-C(3) 1.315(2) N(2)-C(3)-C(2) 122.03(15)
C(1)-C(2) 1.383(2) N(2)-C(3)-C(8) 119.29(15)
C(1)-C(4) 1.527(2) C(2)-C(3)-C(8) 118.67(15)
C(2)-C(3) 1.414(2) N(5)-C(23)-C(24) 107.93(15)
C(3)-C(8) 1.542(2) N(5)-C(23)-C(26) 106.72(15)
N(3)-C(12) 1.334(2) C(24)-C(23)-C(26) 121.95(15)
N(3)-N(4) 1.3830(19) C(25)-C(24)-C(23) 130.11(16)
N(4)-C(14) 1.349(2)
N(5)-C(23) 1.343(2)
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Figure 14. Perspective view of18 with thermal ellipsoids at the 50% probability level.
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Table 7. Selected bond lengths (¯) and angles (deg) for18.
Nb-N(1) 1.927(4) N(1)-Nb-N(2) 86.46(16)
Nb-N(2) 1.841(4) N(3)-Nb-N(4) 38.07(15)
Nb-N(4) 2.143(4) Nb(1)-N(1)-C(1) 131.0(3)
Nb-N(5) 2.156(4) C(1)-C(2)-C(3) 123.0(4)
Nb-N(6) 2.146(4) C(2)-C(3)-N(2) 119.3(4)
N(1)-C(1) 1.306(6) C(3)-N(2)-Nb 136.6(3)
C(1)-C(2) 1.428(6) N(2)-Nb-N(4) 98.70(18)
C(2)-C(3) 1.354(6) N(3)-Nb-N(4) 38.05(5)
C(3)-N(2) 1.373(6) C(4)-C(1)-C(2) 101.02(13)
N(3)-N(4) 1.399(5) C(2)-C(3)-C(8) 84.15(11)
C(1)-C(4) 1.573(5) C(23)-N(5)-Nb 98.56(13)
C(3)-C(8) 1.560(5) C(23)-N(5)-N(6) 61.94(13)
N(6)-C(25)-C(24) 167.20(14)
C(25)-C(24)-C(23) 105.26(16)
C(23)-C(26)-C(28) 111.1(3)
C(28)-C(26)-C(29) 111.6(3)
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 B y   c o n t r a s t ,   t h e   l o n g e r   N b - N   d i s t a n c e   i n   t h e   t m k h 3 -  l i g a n d   o f  1 8  s u g g e s t s   a   f o r m a l l y
 a n i o n i c   n i t r o g e n   a t o m .   C h a r t   2   s h o w s   t h e   b o n d   d i s t a n c e s   w i t h i n   t h e t m k h 2 -  a n d   t m k h 3 -  l i g a n d
 c o r e s   o f 1 6  a n d  1 8 .     T h e   f o r m a l   s i n g l e   a n d   d o u b l e   b o n d s   w i t h i n   t h e   l i g a n d   C
 3 N 2  c o r e s   a r e   s h o r t e r
 a n d   l o n g e r ,   r e s p e c t i v e l y ,   t h a n   t h o s e   e x p e c t e d   f o r   i s o l a t e d   C - N   ( 1 . 4 6  ¯  ) ,   C = N   ( 1 . 2 1 ¯ )  ,   C - C   ( 1 . 5 2
 ¯ )  ,   a n d   C = C   ( 1 . 3 4 ¯ )  b o n d s . 6 2  S i n c e   t h e   N b
 2 N 2 C 3  c o r e   a t o m s   a r e   c o p l a n a r   t o   w i t h i n   0 . 1 5 1   ( 1 6 )
 a n d   0 . 0 3 4   ¯   ( 1 8 )   a n d   f o r m a l l y   c o n t a i n   6ðp - e l e c t r o n s ,   t h e s e   v a l u e s   m a y   i n d i c a t e   s o m e
 d e l o c a l i z a t i o n   a n d   p o s s i b l e   a r o m a t i c   c h a r a c t e r .
Chart 2. Bond distances within thetmkh2- and tmkh3- ligand cores.
Separate1H NMR resonances were observed for the tmkh3- tert-butyl groups in18 up to
90 °C in toluene-d8, and these resonances remained sharp at all temperatures. Observation of two
separatetert-butyl resonances for the tmkh3- ligand in18 does not support aromatic character for
this fragment, since it implies thatðp-delocalization is not present.
2.3Assessment ofthe Aromaticity of Niobapyridene rings by NICS Calculations
To assess the aromaticity quantitatively, nucleus independent chemical shift (NICS)
calculations were performed.55 NICS was first proposed bySchleyer and co-workers to be a
useful measure indicator of aromaticity that correlates well with the aromatic stabilization energy
of a number of organic systems.55 In the original formulation, a ghost atom is placed at the non-
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mass-weighted center of the ring in question and the isotropic chemical shift is evaluated for this
ghost atom. The opposite signed isotropic chemical shift is then denoted NICS(0)iso and
correlates with the aromaticity with negative and positive values indicating aromaticity and anti-
aromaticity, respectively. A number of improvements to NICS calculations have been made
including evaluating the chemical shift 1 Angstrom above the ring (NICS(1)iso) to help eliminate
artifacts due to in-plane  -orbital effects, and the most technicalformulations evaluate the
perpendicular tensor value (zz if ring is in the xy-plane) at the NICS(1) point only considering
contributions from -orbitals.56 The latter is especially important for evaluating aromaticity of
metal-containing rings, though ithas been shown that the NICS(1)zz values (which do not project
out  -orbital contributions) correlates well with the most advanced formulation and was
suggested by Schleyer and co-w rkers as an excellent practical measure.55b We therefore have
computed theNICS(0)iso, NICS(0)zz, NICS(1)iso, and NICS(1)zz values for the niobapyrimidine
and pyrazolate rings for comparison at the B3LYP/6-31+G(d,p) level of theory57 with Nb
represented using the Stuttgart/D esden ECP/basis set57 in a development version of Gaussian.
The computed NICSvalues are shown in Table8 and the averaged58 NICS(1) values are shown
in the Table9. These valuespredict that the pyrazolate rings are more aromatic than the NbN2C3
rings in 16 and18 and are in qualitative agreement. The more reliable NICS(1)zz metricshows
considerably smaller values for theNbN2C3 rings (16, -5.5; 18, -9.9) compared to the pyrazolate
rings (~-25). For comparison, the NICS(1)zz value for pyrimidine is-26.6, which is similar to the
values for the pyrazolate ligands in16 and18. Hence, the pyrazolate ligands in16 and18 are
about as aromatic as pyrimidine, the NbN2C3 rings are only weakly aromatic, and the NbN2C3
ring in 16 is less aromatic than that in18, consistent with the observation of more bond
localization in 16 compared to18. In the osmapyridine complex
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Table 8. Computed NICS values for the tworings in the X-ray structures of16 and18.
Compound Ring NICS(0)iso NICS(0)zz +NICS(1)iso +NICS(1)zz NICS(1)iso NICS(1)zz
(18) niobapyrimidine -2.7 -3.9 -4.6 -9.3 -4.2 -8.5
pyrazolate-1 -9.3 +3.8 -9.8 -24.4 -10.5 -25.7
pyrazolate-2 -9.4 +3.7 -10.7 -26.1 -9.6 -23.7
(16) niobapyrimidine -0.3 +7.1 -1.1 -5.0 -2.7 -5.9
pyrazolate-1 -8.8 +6.8 -8.8 -21.3 -10.3 -25.3
pyrazolate-2 -9.6 +5.3 -10.1 -24.7 -10.2 -24.3
 3 9
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Os(CHC(PPh3)CPhCMeN)Cl2(PPh3)2, the Os-C and Os-N bond lengths (1.968(8), 1.974(6) ¯)
are similar and the C-  and C-N bond lengths within the ligand core are in between single and
double bond lengths, consistent with an aromaticring.52 In addition, NICS calculations
suggested that the osmapyridine fragment is similar to pyridine in its aromatic character.52
 T a b l e  9 .  A v e r a g e d 5 8  N I C S ( 1 )   v a l u e s .
 C o m p o u n d  R i n g  N I C S ( 1 )
 i s o  N I C S ( 1 ) z z
 1 6
 n i o b a p y r i m i d i n i u m
 p y r a z o l a t e s
 - 1 . 9
 - 9 . 9
 - 5 . 5
 - 2 3 . 9
 1 8
 n i o b a p y r i m i d i n e
 p y r a z o l a t e s
 - 4 . 4
 - 1 0 . 2
 - 9 . 9
 - 2 5 . 0
 p y r i m i d i n e  - 9 . 8  - 2 6 . 6
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2.3  Conclusion
 I n   c o n c l u s i o n , t h i s   w o r k   h a s d e m o n s t r a t e d   t h e   o x i d a t i v e   a d d i t i o n   o f t  B u
 2 p z  N - N   b o n d s   t o
 n i o b i u m ( I I I ) ,   n i o b i u m ( I V ) ,   a n d   t a n t a l u m ( I V )   i o n s   t o   a f f o r d   c o m p l e x e s   t h a t   c o n t a i n   p l a n a r
 m e t a l l a p y r i m i d i n e   a n d   m e t a l l a p y r i m i d i n i u m   g r o u p s .   I n   t h e   c a s e   o f 1 8 ,   d i r e c t   t w o - e l e c t r o n
 o x i d a t i v e   a d d i t i o n m a y   o c c u r t o   a f f o r d   t h e   t m k h 3 -  l i g a n d   i n  1 8 ,   a l t h o u g h   t h e   m e c h a n i s t i c   p a t h   i s
 n o t   c l e a r   a t   t h i s   p o i n t . W i t h   n i o b i u m ( I V )   a n d   t a n t a l u m ( I V ) ,   o n e - e l e c t r o n   o x i d a t i v e   a d d i t i o n   i s
 c o u p l e d   w i t h   h y d r o g e n   a t o m   a b s t r a c t i o n f r o m   T H F   s o l v e n t t o   a f f o r d   t m k h 2 -  l i g a n d s .  P y r a z o l a t e
 o x i d a t i v e   a d d i t i o n   r e a c t i o n s   s h o u l d   o c c u r   a t   m a n y   o t h e r   l o w   a n d   m i d - v a l e n t   s i n g l e   m e t a l   c e n t e r s ,
 a n d   t h i s   a p p r o a c h m a y   c o n s t i t u t e   a   g e n e r a l   m e t h o d   f o r   t h e   p r e p a r a t i o n   o f   c o m p l e x e s   c o n t a i n i n g
 m e t a l l a p y r i m i d i n e   a n d   m e t a l l a p y r i m i d i n i u m   g r o u p s .   A d d i t i o n a l l y ,   o x i d a t i v e   a d d i t i o n   r e a c t i o n s
 e m p l o y i n g  o t h e r   a n i o n i c   n i t r o g e n   h e t e r o c y c l e s   s u c h   a s 1 , 2 , 4 - t r i a z o l a t e ,   1 , 2 , 3 - t r i a z o l a t e ,   a n d
 t e t r a z o l a t e   i o n s   m a y   l e a d   t o   s o - f a r   u n k n o w n   e x a m p l e s   o f   m e t a l l a t r i a z i n e s ,   m e t a l l a t e t r a z i n e s ,   a n d
 p r o t o n a t e d   v e r s i o n s   t h e r e o f . T h e   p r e s e n t   w o r k   c o m p l e m e n t s   p r e v i o u s   s t u d i e s   d e s c r i b i n g   t h e
 c l e a v a g e   o f a r o m a t i c   b o n d s   i n   s e v e r a l   n e u t r a l   n i t r o g e n   h e t e r o c y c l e s  b y   l o w   a n d   m i d   v a l e n t   e a r l y
 t o   m i d d l e   t r a n s i t i o n   m e t a l   c o m p l e x e s . 5 1  F i n a l l y ,  i t   i s   n o t e w o r t h y t h a t   m e t a l   c o m p l e x e s   c o n t a i n i n g
ðb  - d i k e t i m i n a t e   l i g a n d s   f o r m a l l y   r e s e m b l e   d o u b l y   a l k y l a t e d   p y r i m i d i n i u m   i o n s . 5 9  H o w e v e r ,   m o s t
 o f   t h e ðb  - d i k e t i m i n a t e   M N
 2 C 3  r i n g s   a r e   n o n - p l a n a r ,   l a c k   a   f o r m a l   m e t a l - n i t r o g e n   d o u b l e   b o n d ,   a n d
 N I C S   c a l c u l a t i o n s   o f   l a t e   t r a n s i t i o n   m e t a l   c o m p l e x e s   w i t h   r e l a t e d   c h e l a t e s   s u g g e s t   t h a t   f e w
 m e t a l l a c y c l i c   s t r u c t u r e s   a r e   a r o m a t i c . 6 0
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2.4Experimental Section
General Considerations.All manipulations were carried out under argon using either
Schlenk or glove box techniques. Tetrahydrofuran was distilled from sodium benzophenone
ketyl, hexane was distilled from P2O5. TaCl5, NbCl4(THF)2, and sodium metalwere obtained
from Strem Chemicals Inc. and used as received. Mercury was obtained from Fisher Scientific
Inc. andfiltered through a 1mm hole in a filter paper to remove dust particlesprior to use.4-tert-
Butylpyridine was obtained from Acros Organics andwas distilled twice under argon prior to
use.KtBu2pz was prepared according to the literature procedure.39a
1H and 13C{1H} NMR spectra were obtained at 500, 400, 300, 125, or 75 MHz in
benzene-d6 or toluene-d8 and were referenced to the residual proton and the13C resonances of the
solvents. IR spectra were obtained using Nujol as the medium. Melting points were determined
on an Electrothermal Model 9200 melting point apparatus and are uncorrected. Elemental
analysis was performed by Midwest Microlab, Indianapolis, IN.
Preparation of 16: A 100 mL Schlenk flask was charged witha stir bar,NbCl4(THF)2 (0.500 g,
1.31 mmol), and tetrahydrofuran (30 mL). 4-tert-Butylpyridine (0.40 mL, 2.73 mmol) was added
slowly and the resultant wine-r d colored solution was stirred for 3 h. KtBu2pz (0.865 g, 3.95
mmol) was added slowly to the mixture and the resulting solution was refluxed for 16 h. The
volatile components were removedunder vacuum to afford a brown-red paste. Hexane (30 mL)
was added and the extract was filtered through 2 cm pad of Celite on a coarse glass frit to yield a
brown-red filtrate, which upon evaporation under reduced pressure gave a brown-red paste.
Sublimation of this paste at 145 °C/0.05 Torr afforded a red polycrystalline solid, which was
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recrystallized from hexane (15 mL) at-23 °C to afford deep red crystals of16 (0.209 g, 24%):
m.p. 149-151 °C; IR (Nujol): ðn = 3337 (w), 2722 (w), 1546 (m), 1523 (m), 1506 (m), 1324 (s),
1302 (m), 1253 (s), 1236 (s), 1219 (m), 1207 (m), 1103 (m), 1029 (m), 804 (s), 759 cm-1 (w); 1H
NMR (benzene-d6, 23 °C) ðd = 9.85 (s, 1H, NH), 6.30 (s, 2H, tBu2pz ring-CH), 5.91 (d, J=1.6 Hz,
1H, tmkh2- core CH), 1.42 (s, 36H, tBu2pz C(CH3)3), 1.05 (s, 9H, tmkh2- C(CH3)3), 0.97 ppm (s,
9H, tmkh2- C(CH3)3); 13C{1H} NMR (benzene-d6, 23°C) ðd = 180.77 (s, tmkh2- C-C(CH3)3),
177.20 (s, tmkh2- C-C(CH3)3), 158.32 (s, tBu2pz CC(CH3)3), 107.56 (s, tmkh2- coreCH), 107.21
(s, tBu2pz coreCH), 39.21 (s, tmkh2- C(CH3)3), 37.56 (s, tmkh2- C(CH3)3), 32.32 (s, tBu2pz
C(CH3)3), 30.95 (s, tBu2pz C(CH3)3), 28.94 (s, tmkh2- C(CH3)3), 28.39 ppm (s, tmkh2- C(CH3)3);
Anal. Calcd for C33H58ClN6Nb: C, 59.40; H, 8.76; N, 12.60. Found: C, 59.45; H, 8.56; N, 12.81.
Preparation of 17: A 100 mL Schlenk flask was charged with sodium (0.060 g, 2.61 mmol) and
mercury (6.00 g, 29.9 mmol) to create a 1% sodium amalgam, and then 25 mL of THF was added
to the flask. TaCl5 (0.500 g, 1.40 mmol) was then added, followed by slow addition of 4- tBupy
(0.50 mL, 4.0 mmol). The resultant deep blue solution was stirred for 3 h at 23°C. At this point,
KtBu2pz (0.915 g, 4.18 mmol) in THF (15 mL) was added by cannula, and the mixture was
refluxed for 16 h to afford a brownish-red solution. The volatile components were removed
under reduced pressure to yield a brown-red paste. Hexane (30 mL) was added to this paste and
the mixture was filtered through 2 cm pad of Celite on a coarse glass frit to yield a yellow-red
filtrate. Removal of thevolatile components under reduced pressure gave a yellow-red paste.
Sublimation of this paste at 155 °C/0.05 Torr afforded17 as yellow crystals (0.284 g, 27%): mp
161-164 °C; IR (Nujol): ðn = 3347 (w), 1536 (m), 1526 (m), 1513 (m), 1323 (m), 1303 (m), 1252
(m), 1236 (m), 1223 (m), 1207 (m), 991 (m), 806 (m), 760 (m), 797 cm-1 ( ); 1H NMR
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(benzene-d6, 23 °C) ðd = 9.28 (s, 1H, NH), 6.52 (s, 2H, tBu2pz ring-CH), 5.86 (d, J = 1.2 Hz, 1H,
tmkh2- core CH), 1.40 (s, 36H, tBu2pz C(CH3)3), 1.14 (s, 9H, tmkh2- C(CH3)3), 1.03 ppm (s, 9H,
tmkh2- C(CH3)3); 13C{1H} NMR (benzene-d6, 23 °C) ðd = 180.50 (s, tmkh2- C-C(CH3)3), 177.20
(s, tmkh2- C-C(CH3)3), 158.18 (s, tBu2pz CC(CH3)3), 107.88 (s, tBu2pz coreCH), 106.21 (s,
tmkh2- core CH),  38.88 (s, tmkh2- C(CH3)3), 38.75 (s,  tmkh2- C(CH3)3), 32.03 (s, tBu2pz
C(CH3)3), 30.54 (s, tBu2pz C(CH3)3), 28.63 (s, tmkh2- C(CH3)3), 28.58 ppm (s, tmkh2- C(CH3)3);
Anal. Calcd for C33H58ClN6Ta: C, 52.48; H, 7.74; N, 11.13. Found: C, 52.27; H, 7.75; N, 11.01.
Preparation of 18: A 100 mL Schlenk flask was charged sodium (0.050 g, 2.17 mmol) and
mercury (5.00 g, 24.9 mmol) to create a 1% sodium amalgam, and then diethyl ether (25 mL)
was added to the flask. To this solution was added NbCl4(THF)2 (0.500 g, 1.32 mmol) and 4-
tBupy (0.50 mL, 4.0 mmol). The resultant deep red solution was stirred at 23 °C for 24 h. At this
point, KtBu2pz (0.875 g, 4.00 mmol) dissolved in diethyl ether (20 mL) was added, and the
mixture was then stirred for 48 h at 23 °C to afford a deep blue solution. The solution was
filtered through a 2 cm pad of Celite on a coarse glass frit and the volatile components were
removed under reduced pressure to yield a deep blue solid. Sublimation of this crude solid at 125
°C/0.05 Torr afforded a deep red polycrystalline solid, which was recrystallized from 5:1
pentane/toluene at-23 °C to obtain 18 as deep red crystals (0.227 g, 32%): m.p. 170- 3 °C; IR
(Nujol): ðn = 1562 (m), 1518 (m), 1504 (m), 1363 (s), 1334 (s), 1303 (m), 1251 (m), 1233 (m),
1192 cm-1 (m); 1H NMR (benzene-d6, 23 °C) ðd = 6.17 (s, 2H, tBu2pz ring-CH), 5.97 (s, 1H,
tmkh3- core CH), 1.33 (s, 36H, tBu2pz C(CH3)3), 1.17 (s, 9H, tmkh3- C(CH3)3), 0.97 ppm (s, 9H,
tmkh3- C(CH3)3); 13C{1H} NMR (benzene-d6, 23 °C) ðd = 178.40 (s, tmkh3- C-C(CH3)3), 176.47
(s, tmkh3- C-C(CH3)3), 157.63 (s, tBu2pz CC(CH3)3), 107.19 (s, tmkh3- core CH), 103.61 (s,
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tBu2pz core CH), 39.15 (s, tmkh3- C(CH3)3), 37.88 (s, tmkh3- C(CH3)3), 32.20 (s, tBu2pz
C(CH3)3), 31.28 (s, tBu2pz C(CH3)3), 29.49 (s, tmkh3- C(CH3)3), 28.90 ppm (s,tmkh3- C(CH3)3);
Anal. Calcd for C33H57N6Nb: C, 62.84; H, 9.11; N, 13.32. Found: C, 63.08; H, 9.18; N, 13.43.
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CHAPTER 3
VOLATILITY AND HIGH THERMAL STABILITY IN NIOBIUM(IV) AND
TANTALUM(IV) COMPLEXES CONTAINING AMIDATE LIGANDS
3.1 Introducti on
Transition metal amidate compoundshave wide range of applications in catalysis, bond
activation, polymerization, and pharmaceuticals.61 In recent years, amidate ligandshave been
widely used to make platinum compounds for C-H activation. Ease of functionalization, ability to
fine tune R groups, and coordinationthrough oxygen leads to the formation of C-C and C-O
coupling products in platinum amidate catalyzed reactions.62 W lper and co-workers63 have
reported the formation of zinc amidate complexesupon insertion of isocyanates into Zn-Me
bonds. They have addressed the fact that the degree of oligomerization is dependent on theR
group thathasbound to the nitrogen atom ofthe amidate ligand. Amidate ligands are alsou ed as
ancillary ligands to synthesize 2-(4,6-difluorophenyl)pyridyl iridium(III) complexesthat are
phosphorescent emitters.64 Furthermore, the emission spectra are strongly dependant on the
electronic properties of the ancillary amidate ligands and thus lead to the emission of different
colors uponfine tuning the R groups of the amidate ligand. Fryzukand co-workers have reported
the use of tantalum amidate compounds of the formula Cp*Ta(amidate)R, where R = Me, Cl for
dinitrogen activation.65 Also similar mono- and bis-amidate substituted tantalum compounds
have been used as asymmetric catalysts for hydroaminoalkylation reactions by Schafer and co-
workers.66
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As described in the section 1.9, our laboratory hasexplored the properties of zirconium
and hafnium amidate complexesa  potential precursors for ALD. Allof these compounds
possess sufficient volatility and aretableto  270 ð° C and may serve as precursors for metal oxide
thin film growthby ALD. Therefore, expecting similar chemical behavior,attempts were made to
synthesize Nb(IV) and Ta(IV) compounds with amidate ligands as potential precursors for metal
oxide thin films by ALD.Successful synthesis,will give us accessto deposit Nb2O3, NbO2,
Ta2O3, and TaO2 thin films by ALD, henceretain the precursor metal oxidation state with the
deposited film oxidation state.
This chapter explainsthe synthesis, structure, volatility, and thermal stability ofnew
classes of Nb(IV) and Ta(IV) amidate complexes and assessment of their volatility and thermal
stability. All compoundswere obtainedby salt metathesis reactions upon treatment of metal
chlorides with the potassium salts of therespectiveamidate ligands in diethyl ether andwere
purified by sublimation at temperatures between 100- 65 °C/0.05 Torr. All compounds were
characterized by X-ray crystal structures, CHN microanalyses, magnetic moments, IR, and
melting points. Volatility and thermal stabilitywere assessed by preparative sublimation
experiments and TGA traces.
3.2 Results and Discussion
3.2.2Synthesis ofNiobium Amidate Compounds
Treatment of NbCl4(THF)2 with four equivalents of the potassium salts of [NR1COR2]-
in diethyl ether, followed by vacuum sublimation of the crude products, afforded a series of
Nb(NR1COR2) in good yields (eq 8).All compounds19-24 are volatile and were isolatedas air-
sensitive deep purple powders by sublimation at 110- 6  °C/0.05 Torr. All compounds are
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paramagnetic with solid-state magnetic moments (µeff) of 19, 1.44;20, 1.54;21, 1.48;22, 1.52;
23, 1.55; and24, 1.47 and consistent with one unpaired electron at the metal center. Further
magnetic moment studies were carried out in benzene solution using Evans method. Thesolution
phase magnetic momentsvaluesin benzene (µeff) are also consistent with the solid state values
within the experimental error and confirmed the existence of  Nb(IV) metal center in the
solution. Hence, the1H NMR spectra show broad and paramagnetically shiftedresonances for all
compounds.19-24 also characterized by IR spectroscopy.  A single carbonyl stretching frequency
was observed around 1570 cm-1 in the infrared spectrum of each compounda  suggestsimilar
coordination environments for allfour ligands. Crystals were grownfrom solutions of hexanes,
pentane, or toluenefor X-ray crystallography and theirstructuralfeatures are discussed below.
3.2.3Structural Aspectsof Niobium Amidate Compounds
We were able to grow crystals of19-22 from solutionandX-ray crystalstructureswere
obtained.Despite multiple attempts, crystals of23 and24 suitablefor X-ray structureanalysis
could not be grown.In the solid state, compounds19-22 are structurally similar. The
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crystallographic data for19-22 aresummarized in Table10 andselected bond lengths and angles
are given in Tables 11-14 respectively. Perspectiveviews of 19-22 with thermal ellipsoids at the
50% probability level arepresented in Figures 15-18 respectively. In the solid state,19-22 adopt
mononuclear structures andhave four amidate ligandscoordinated in the ðk2 fashion. The
geometry around theniobium metal centerformally resembles adistortedsquare antiprismatic
structure. The metal-oxygen bond lengths(19, 2.122(2)-2.105(3)¯ ; 20, 2.1187(14)-2.1175(15)
¯ ; 21, 2.130(3)-2.118(3)¯ ; 22, 2.1387(15)-2.1294(15)¯ ) fall into a narrow range. The metal-
oxygen bond lengths are slightly longer than that of similar niobium amidecomplexes((R)-2,2’-
bis(mesitoylamino)-1,1’-binaphthyl)Nb(NMe2)3) (2.0821(2)-2.0821(3)¯ ) reported by Zi and co-
workers.67 The metal-nitrogen bond lengths (19, 2.232(7)-2.298(6)¯ ; 20, 2.258(2)-2.269(2)¯ ;
21, 2.276(5)-2.272(5)¯ ; 22, 2.2569(18)-2.2642(18) ¯ ) also fall into a narrow range and slightly
longer than that of similar niobium amide complexes (1.9740-1.9623¯ ).67 The amidate ligand
core carbon-oxygen bond lengths range from19, 1.310(2)¯ ; 20, 1.301(3)¯ ; 21, 1.300(3)¯ ; 22,
1.292(3) ¯ ; and thecorresponding carbon- itrogen distances range from19, 1.295(3)¯ ; 20,
1.305(7)¯ ; 21, 1.297(3)¯ ; and22, 1.293(3)¯ . The carbon-oxygen and carbon- itrogen bond
distanceswithin the amidate ligand cores are shorter and longer, respectively, than those
expectedfor isolated C-N (1.46 ¯), C=N (1.21 ¯), C-O (1.43 ¯), and C=O (1.22 ¯) bonds.
Surprisingly, even though22 has an electron withdrawing C2F5 group on the amidate core carbon
atom, the carbon- itrogen, and carbon-oxygen bond distances as well as the int r and intra ligand
bond angles remain within the range of the other complexes in the series (Table 14).Theamidate
ligands lie in two planes that are roughly perpendicular to each other. The N-Nb-N’ angles of the
ligands facing each other ranges between 163.45(7)ð° and 170.20(6)ð° , whereas the same O-Nb-O’
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Table 10. Crystal data and data collection parameters for19-25.
19 20 21 22 25
Formula
C24H48N4Nb
O4
C28H56N4Nb
O4
C32H64N4Nb
O4
C24H28F28N4
NbO4
C28H56N4O4
Ta
FW 549.57 605.68 661.78 909.41 693.72
space group P21/n P21/n C21/n P1 P21/n
a (¯) 11.7268(8) 11.5431(4) 17.8662(14) 9.3468(8) 11.5073(8)
b (¯) 14.7160(10) 11.1701(4) 12.2822(14) 10.1135(8) 11.0922(8)
c (¯) 16.6476(12) 12.8582(4) 16.4288(15) 18.8607(14) 12.8411(10)
 (deg) 94.2780(10) 104.125(2) 90 95.364(3) 103.533(3)
V (¯ 3) 2872.9(3) 1607.78(9) 3605.1(6) 1695.8(2) 1593.5(2)
Z 4 2 4 2 2
T (K) 100(2) 100(2) 100(2) 100(2) 100(2)
 ( ¯) 0.71073 0.71073 0.71073 0.71073 0.71073
 calcd (g, cm-3) 1.271 1.251 1.219 1.781 1.446
 (mm -1) 0.452 0.410 0.371 0.503 3.485
R(F)(%)a 3.68 2.65 4.03 3.35 1.74
Rw(F)(%)b 8.36 7.01 10.16 3.95 4.23
aR(F) = Fo -Fc   Fo b Rw(F) = [ w(Fo2 - Fc2)2/  w(Fo2)2]1/2, for I > 2(I)
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Figure 15. Perspective view of19 with thermal ellipsoids atthe 50% probability level.
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Table 11. Selected bond lengths (¯) and angles (deg) for19.
Nb(1)-O(2) 2.105(3) O(2)-Nb(1)-O(3) 129.57(13)
Nb(1)-O(3) 2.1109(13) O(2)-Nb(1)-O(1) 129.04(16)
Nb(1)-O(1) 2.1195(14) O(3)-Nb(1)-O(1) 74.16(5)
Nb(1)-O(4) 2.122(3) O(2)-Nb(1)-O(4) 73.11(6)
Nb(1)-N(4) 2.232(7) O(3)-Nb(1)-O(4) 129.95(13)
Nb(1)-N(1) 2.2555(17) O(1)-Nb(1)-O(4) 130.84(17)
Nb(1)-N(3) 2.2610(16) O(2)-Nb(1)-N(4) 131.84(19)
Nb(1)-N(2) 2.298(6) O(3)-Nb(1)-N(4) 86.81(14)
O(1)-C(1) 1.310(2) O(1)-Nb(1)-N(4) 86.1(3)
N(1)-C(1) 1.295(3) O(4)-Nb(1)-N(4) 58.7(2)
N(1)-C(3) 1.492(3) O(2)-Nb(1)-N(1) 84.35(14)
C(1)-C(2) 1.492(3) O(3)-Nb(1)-N(1) 133.51(6)
C(3)-C(6) 1.5361(10) O(1)-Nb(1)-N(1) 59.35(5)
C(3)-C(5) 1.5384(10) O(4)-Nb(1)-N(1) 85.54(14)
C(3)-C(4) 1.5396(10) N(4)-Nb(1)-N(1) 90.3(2)
O(2)-C(7) 1.300(6) O(2)-Nb(1)-N(3) 84.58(12)
N(2)-C(7) 1.309(8)
N(2)-C(9) 1.400(8)
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Figure 16. Perspective view of20 with thermal ellipsoids at the 50% probability level.
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Table 12. Selected bond lengths (¯) and angles (deg) for20.
Nb(1)-O(2) 2.1187(14) O(2)-Nb(1)-O(4) 126.50(6)
Nb(1)-O(4) 2.1175(15) O(2)-Nb(1)-O(3) 75.67(6)
Nb(1)-O(3) 2.1304(17) O(4)-Nb(1)-O(3) 131.37(6)
Nb(1)-O(1) 2.1330(18) O(2)-Nb(1)-O(1) 130.75(7)
Nb(1)-N(3) 2.258(2) O(4)-Nb(1)-O(1) 75.01(6)
Nb(1)-N(4) 2.2659(19) O(3)-Nb(1)-O(1) 126.69(6)
Nb(1)-N(1) 2.2662(18) O(2)-Nb(1)-N(3) 134.91(7)
Nb(1)-N(2) 2.269(2) O(4)-Nb(1)-N(3) 85.96(7)
O(1)-C(1) 1.300(3) O(3)-Nb(1)-N(3) 59.31(7)
N(1)-C(1) 1.301(3) C(1)-N(1)-C(4) 126.31(19)
N(1)-C(4) 1.482(3) C(1)-N(1)-Nb(1) 90.61(13)
C(1)-C(2) 1.510(3) C(4)-N(1)-Nb(1) 142.71(15)
C(2)-C(3) 1.507(4) O(1)-C(1)-N(1) 113.4(2)
Nb(1)-C(22) 2.614(2) O(1)-C(1)-C(2) 116.6(2)
Nb(1)-C(8) 2.617(2) N(1)-C(1)-C(2) 130.0(2)
Nb(1)-C(15) 2.622(2) O(1)-C(1)-Nb(1) 53.81(11)
Nb(1)-C(1) 2.625(2) O(1)-C(1)-Nb(1) 53.81(11)
N(1)-C(1)-Nb(1) 59.69(12)
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Figure 17. Perspective view of21 with thermal ellipsoids at the 50% probability level.
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Table 13. Selected bond lengths (¯) and angles (deg) for21.
Nb(1)-O(1) 2.118(3) O(1)-Nb(1)-O(3) 128.36(9)
Nb(1)-O(3) 2.125(3) O(1)-Nb(1)-O(2) 76.17(13)
Nb(1)-O(2) 2.130(3) O(3)-Nb(1)-O(2) 127.73(9)
Nb(1)-N(3) 2.269(3) O(1)-Nb(1)-N(3) 84.22(8)
Nb(1)-N(2) 2.277(4) O(3)-Nb(1)-N(3) 59.13(11)
Nb(1)-N(1) 2.276(5) O(2)-Nb(1)-N(3) 83.84(8)
Nb(1)-C(1) 2.622(6) O(1)-Nb(1)-N(2) 135.2(2)
O(1)-C(1) 1.305(7) O(3)-Nb(1)-N(2) 84.05(16)
N(1)-C(1) 1.288(8) O(2)-Nb(1)-N(2) 59.0(2)
N(1)-C(4) 1.477(7) N(3)-Nb(1)-N(2) 90.63(8)
C(1)-C(2) 1.530(8) O(1)-Nb(1)-N(1) 59.02(16)
C(2)-C(3) 1.5398(11) C(1)-O(1)-Nb(1) 97.1(3)
C(4)-C(5) 1.5394(11) C(1)-N(1)-C(4) 126.5(5)
O(2)-C(7) 1.299(6) C(1)-N(1)-Nb(1) 90.3(3)
N(2)-C(7) 1.301(9) C(4)-N(1)-Nb(1) 143.2(4)
N(2)-C(10) 1.465(8) C(1)-C(2)-C(3) 110.4(4)
N(3)-C(13) 1.298(6) N(1)-C(1)-O(1) 113.5(5)
N(3)-C(17) 1.470(5) N(1)-C(1)-C(2) 130.8(6)
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Figure 18. Perspective view of22 with thermal ellipsoids at the 50% probability level.
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Table 14. Selected bond lengths (¯) and angles (deg) for22.
Nb(1)-O(2) 2.1294(15) O(1)-Nb(1)-O(4) 130.12(6)
Nb(1)-O(1) 2.1305(15) O(2)-Nb(1)-O(3) 130.01(6)
Nb(1)-O(3) 2.1387(15) O(1)-Nb(1)-O(3) 72.45(6)
Nb(1)-O(4) 2.1325(15) O(4)-Nb(1)-O(3) 131.69(6)
Nb(1)-N(1) 2.2569(18) O(2)-Nb(1)-N(1) 85.13(6)
Nb(1)-N(3) 2.2570(18) O(1)-Nb(1)-N(1) 59.82(6)
Nb(1)-N(2) 2.2593(18) O(4)-Nb(1)-N(1) 84.88(6)
Nb(1)-N(4) 2.2642(18) N(1)-C(1)-O(1) 116.21(19)
O(1)-C(1) 1.296(3) N(1)-C(1)-C(2) 126.4(2)
N(1)-C(1) 1.284(3) O(1)-C(1)-C(2) 117.38(19)
N(1)-C(4) 1.482(3) N(1)-C(1)-Nb(1) 60.91(11)
C(1)-C(2) 1.537(3) O(1)-C(1)-Nb(1) 55.31(10)
C(2)-F(2) 1.354(3) C(2)-C(1)-Nb(1) 172.69(16)
C(2)-F(1) 1.358(3) C(7)-N(2)-C(10) 125.00(19)
C(2)-C(3) 1.536(3) C(7)-N(2)-Nb(1) 89.50(13)
O(2)-C(7) 1.293(3) C(10)-N(2)-Nb(1) 145.50(15)
N(2)-C(7) 1.290(3)
N(2)-C(10) 1.481(3)
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angles lie between 75.01(6)ð° and 75.67(6)ð° . The intraligand N-Nb-O angles lie between 59.0(2)ð°
and 59.82(6)ð° .
3.2.4Synthetic Aspects ofTantalum Amidate Compounds
Attempted synthesis oftantalum complexesanalogous to19-24 was successful.In a
fashion similar to the synthesis of the tantalum pyrazolate complex17, TaCl5 was treated with 2
equivalents of4-tert-butylpyridine in the presence of one equivalent of Na/Hg in diethyl ether
(eq. 9). Presumably, TaCl5 is reduced toform a deep bluecolored TaCl4(tBupy)2 complex in
diethyl ether. Then it was thenallowed to stir for12 hours at room temperature.The potassium
amidate salts were added slowly to the mixture and stirring was continued for24 h urs (eq.10).
The resultant brownish-red solution was worked up and the solvent was removed under reduced
pressure. Sublimation of the crude product at respective temperatures / 0.05 Torr and subsequent
recrystallization in mixtures of hexanes and toluene afforded dark purple crystals.Compound25,
where R = Et and  R’ = tBu,  was analyzed withX-ray crystallography (Figure 19). Despite
multiple attempts, crystals suitable for X-ray crystallography could not be grown from other
tantalum amidate compounds.
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All compounds are paramagnetic with solid-state magnetic moments (µeff) of 25, 1.51;26,
1.54; 27, 1.49andaccount for Ta(IV) oxidation (one unpaired electron) state and furthermore,
magnetic moment studies carried out in bezene solution using Evans method also confirmed the
presence of the Ta(IV) oxidation state in the solution. Similar to that of19-24, 1H NMR
spectrumsof 25-27 show broad and paramagnetically shiftedr sonances. In the IR spectra,25-27
a single carbonyl stretching frequencywas observed around 1600 cm-1 suggesting similar
coordination environmentsfor all four amidateligands.Hence, according to the spectral data26
and27 should be structurally very similar to that of25.
3.2.5 Structural Aspects of Tantalum Amidate Compounds
In the solid state,25 is structurally similar to20. Four amidate ligands are coordinated in
the ðk2 fashion in adistortedsquare antiprismaticgeometry around the metal ion.Experimentally
obtained crystallographic data and selected bond lengths and angles are summarized inTables 10
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and 15 respectively.The amidate ligand core carbon-nitrogen bondlengths range between
1.298(3) and 1.320(5)¯ , and carbon-oxygen distances lie between 1.305(3) and 1.333(4)¯ ,
similar to those of the niobium compounds19-22. The tantalum-nitrogen distances range
between2.1817(19) and2.242(2) ¯ which areslightly shorter thanthe niobium-nitrogen bonds.
Tantalum-oxygen bond distances lie between 2.087(2) and2.1274(16)¯ , which arecomparable
to the niobium amidate compounds19-22. These values areslightly longer than that of the
tantalum amidate compounds reported byZi and co-workers.67 For example, 2,2-
bis(mesitylenesulfonylamino)-6,6’-dimethyl-1,1’-biphenylTa(NMe2)3 has tantalum-nitrogen
distances between 1.963(3) and 1.983(3)¯ , and tantalum-oxygen distances of 2.062 and 2.017
¯ .  In 25, two of the amidate ligandsare coordinated in a plane perpendicular to the other two
ligands, with N-M-N’ same plane angles between 164.78(5)ð° and 166.01(7)ð° . The N-M-N’ angles
between the two planes ranges from89.56(7)ð° to 92.78(7)ð° . Intraligand N-M-O angles lie
between59.55(7)ð° and60.83(8)ð° , comparable to those of analogus niobium compounds.
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Figure 19. Perspective view of25 with thermal ellipsoids at the 50% probability level.
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Table 15. Selected bond lengths (¯) and angles (deg) for25.
Ta(1)-O(4) 2.0875(16) O(4)-Ta(1)-O(1) 73.83(7)
Ta(1)-O(1) 2.087(2) O(4)-Ta(1)-O(2) 127.21(6)
Ta(1)-O(2) 2.1202(14) O(1)-Ta(1)-O(2) 131.48(7)
Ta(1)-O(3) 2.1274(16) O(4)-Ta(1)-O(3) 131.00(6)
Ta(1)-N(1) 2.1817(19) O(1)-Ta(1)-O(3) 127.87(7)
Ta(1)-N(4) 2.211(2) O(2)-Ta(1)-O(3) 75.01(6)
Ta(1)-N(3) 2.236(2) O(4)-Ta(1)-N(1) 134.63(7)
Ta(1)-N(2) 2.242(2) O(1)-Ta(1)-N(1) 60.83(8)
O(1)-C(1) 1.320(3) O(2)-Ta(1)-N(1) 85.73(7)
N(1)-C(1) 1.333(3) O(3)-Ta(1)-N(1) 82.75(7)
N(1)-C(4) 1.484(3) O(4)-Ta(1)-C(22) 30.08(7)
C(1)-C(2) 1.444(3) O(1)-Ta(1)-C(22) 103.87(8)
C(2)-C(3) 1.497(4) O(2)-Ta(1)-C(22) 106.37(7)
C(4)-C(5) 1.518(3) O(3)-Ta(1)-C(22) 109.10(7)
C(4)-C(6) 1.541(3) N(1)-Ta(1)-C(22) 164.69(7)
C(4)-C(7) 1.546(3) N(4)-Ta(1)-C(22) 30.47(7)
O(2)-C(8) 1.310(3) N(3)-Ta(1)-C(22) 87.35(8)
N(2)-C(8) 1.298(3) N(2)-Ta(1)-C(22) 87.69(8)
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3.3 Volatility and Thermal Stability Study.
The volatility and thermal stability of compounds19-27 were assessed in order to
establishthem as a new class ofprecursors forALD . Volatility was determinedby preparative
scale sublimation experiments explainedin section 3.6. Melting point determination,
decomposition temperatures, and TGA traceswere carried outin order to evaluatethermal
properties.The preparative sublimation and % recovery datafor 19-24 are summarized inthe
Table 16. Accurate decomposition temperatures of the tantalum compounds could not be
measured, as thediscoloration upon decompositionwas not clearly observed by the naked eye.
Compound 21 decomposes upon melting around 267-268 ð° C and turns gray-pink upon
decomposition.All other niobium compounds have melting points below 145ð° C (Table16).
Tantalum compounds25-27 posses slightly higher melting points of159-161, 177-180, and
162-165 ð° C respectively.
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Table 16. Preparative Sublimation Data and Decomposition Temperatures for19-24.
Compounds19-24 sublimewith low residues within 4 hours. Compounds 22 and24 have
low decomposition temperatures (115, 135ð° C) and slightly higherpercentresidues (11.8, 8.7%).
Other compounds posses higher decomposition temperatures and lowpercentresidues,and thus
might be suitable precursors for ALD.Tantalum amidate compounds25-27 were alsosubjected
to volatility evaluation in a similar fashion(Table17). All compounds sublimewith low percent
residuesand, henceshowsufficient volatility for ALD trials.
 C o m p o u n d
 P r e p a r a t i v e
 S u b l i m a t i o n
 T e m p e r a t u r e
 ( °  C / 0 . 0 5   T o r r )
 %   R e c o v e r y  %   R e s i d u e
 D e c o m p o s i t i o n
 T e m p e r a t u r e
 ( °  C )
 M e l t i n g   P o i n t   /
ð°  C
 1 9  1 4 0  8 2 . 2  5 . 1  2 3 0  1 4 3 - 1 4 5
 2 0  1 6 0  8 8 . 3  4 . 6  2 5 5  1 0 5 - 1 0 8
 2 1  2 0 0  9 0 . 6  3 . 2  2 6 7  2 6 6 - 2 6 8
 2 2  1 4 0  8 0 . 7  1 1 . 8  1 1 5  1 2 0 - 1 2 3
 2 3  1 3 0  8 7 . 6  7 . 3  1 8 4  9 8 - 1 0 0
 2 4  1 2 5  8 6 . 8  8 . 7  1 3 5  1 2 0 - 1 2 3
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Table 17. Preparative Sublimation Data andMelting Pointsof 25-27.
 C o m p o u n d
 P r e p a r a t i v e
 S u b l i m a t i o n
 T e m p e r a t u r e
 ( °  C / 0 . 0 5   T o r r )
 %   R e c o v e r y  %   R e s i d u e
 M e l t i n g   P o i n t
 /  ( °  C )
 2 5  1 6 0  8 4 . 8  6 . 4  1 5 9 - 1 6 1
 2 6  1 4 0  9 5 . 6  2 . 7  1 7 7 - 1 8 0
 2 7  1 5 0  8 8 . 6  6 . 2  1 6 2 - 1 6 5
Despite the air and moisture sensitivity,20 and 21 were selected forfurther
characterizationby obtaining TGA/DTA tracesto estimate their suitability as potential ALD
precursors.We were unable to obtain TGA traces for tantalum amidte compounds andtheother
niobium amidate compounds due totheir extreme air-sensitivity.The TGA/DTA tracesof 20 and
21 are presented in Figure20. Both compounds show single step sublimations in the range of
200-265 °C with nonvolatile residues of 21.8 and 10.8%, respectively.Compound 21
decomposes upon melting around 255ð° C, while 20 starts melting around 110ð° C and
decomposes around 260ð° C. These values are in good agreement with experimentally observed
melting point and decomposition temperature values for 20 and 21. As mentionedearlier,
sufficient volatility and thermal stabilityare essential for an ALD precursor. All amidate
precursorsreported herein are sufficiently volatile, and compounds19-21 and23 are thermally
stable atelevatedtemperatures above 180ð° C, thusthey may potentially serve asALD precursors.
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Figure 20. DTA (top) TGA (bottom)tracesfor 20 and21 from 50 to 50  °C at 10
°C/min.
3.5 Conclusion
We have presented hereinthe synthesis, structure, volatility, andthermal stability of
eight-coordinate monomericniobium(IV) and tantalum(IV) complexes containing amidate
ligands. All compounds were isolated by vacuum sublimation in moderate to good yields.
Several compounds were found to be thermally stableto 260 °C , along with excellentvolatility
behavior. Propertiesdisplayed by these amidate compounds suggestthat they maybe used asa
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new class oflow valent group 5ALD precursors for the deposition ofmetal oxide andmetal
nitride thin films for potential applications inthemicroelectronics industry.
3.6Experimental Section
3.6.1 General Considerations.All manipulations were carried out under argon using either
Schlenk or glove box techniques. Diethylether was distilled from sodium benzophenone ketyl,
hexane was distilled from P2O5. TaCl5, NbCl4(THF)2, and sodium metal was obtained from
Strem Chemicals Inc. and used as received. Mercury was obtained from Fisher Scientific Inc. and
purified prior to use.4-tert-butylpyridine was obtained from Acros Organics and distilled twice
under argon prior to use.
1H and 13C{1H} NMR spectra were obtained at 500, 400, 300, 125, or 75 MHz in
benzene-d6 or toluene-d8 and were referenced to the residual proton and the13C resonances of the
solvents. IR spectra were obtained using Nujol as the medium. Melting points were determined
on an Electrothermal Model 9200 melting point apparatus and are uncorrected. Elemental
analysis was performed by Midwest Microlab, Indianapolis, IN.Magnetic susceptibility
measurements were dtermined usingthe Evans method68 with a 500 MHz NMR spectrometer or
a Johnson-Matthey magnetic susceptibility balance.
3.6.2 Evans Method Magnetic Moment Measurements
The magnetic moments of19-27 in benzene solution were measured following the Evans
method2 using a 500 MHz NMR spectrometer and the calculation of eff is described for20.
 g = (3  / 4  m) +  0
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 0 = mass susceptibility of solvent =-0.716 x 10-6 cgs for benzene
 = difference between chemical shifts between solvent and solution =105.18Hz
 = frequency of the instrument = 500 x 106 cgs
m = mass of sample in g/mL = 0.0255 g/mL
 g = (3 x105.18)/(4 x (500 x 106) x 0.025) + (-0.716 x 10-6) = 8.644 x 10-7
 m =  g x MW
MW = molecular weight = 605.68g/mol
 m = (8.644 x 10-7) x 605.68 = 5.235x 10-4
eff = 2.84( mT)1/2
T = 297.2 K
eff = 2.84 ((5.235x 10-4) x 297.2)1/2 = 1.54BM (estimated error – 0.10)
3.6.3 Preparative Sublimation andThermal Stability Measurements
Preparative sublimation studies were carried out in the following method. An amount of
0.500 g of apreviously sublimed sample wascharged to a vial in a glove box and placed in a
glass tube, which is sealed at one end and has a 24/40 female joint at the other end. The tube was
then sealed with a 24/40 male adapter and the samplewasthensublimed ata temperature slightly
elevated (+10-30 ð° C) above that necessary to initiate sublimation at 0.05 Torr, in order to achieve
complete sublimation of the solid within 4 hours. The weight of the recovered sample and the
residue was then determined. Thermal stability was measured by the following method. A few
milligrams of each sample were sealed in capillary tubes under argon in a glove box and heated
at a rate of 8°C/min starting from 50ð° C, in a melting point apparatusuntil a color change
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occurred. In this particular case, the deep purple color turns to black or in some cases turns to a
pink-gray color.
All the ligands were prepared according toslightly modified versions of the literature
reported methods.41,69 A general synthetic procedure forthe preparation of N-tert-
butylisobutyramide(tBuHNCOiPr) is presented below and other ligands were synthesized in a
similar fashion upon treatment of the respective amine with the acid chloride indi thyl ether.41
3.6.4 General method for the preparation of N-tert-butylisobutyramide (HNtBuCOiPr ). A
1 L three-necked round-bottomed flask wasequippedwith diethyl ether (500 mL),triethylamine
(14.9 mL, 105 mmol), tert-butylamine (11.3 mL, 105 mmol). This solution was keptat 5 ð° C in an
ice bath for15 minutes and a coldpivaloyl chloride (8.9 mL, 100 mmol)solution was added
slowly. The resultant white slurry was stirred for 18 h atroom temperature. This slurry was then
filtered with a water aspirator pump and the volatile comp nents of the filtrate were removed
under reduced pressure. The resultant crystalline solid was sublimed at 55 °C/0.05 Torr to afford
HNtBuCOiPr as white crystalline solid (13.75 g, 96%): mp 117-119 ”C (lit. 118-119 ”C); IR
(KBr pellet): ðn = 3306 (s), 3200 (m), 2970 (s), 2934 (m), 2874 (m), 1648 (s), 1549 (s), 1502 (m),
1469 (m), 1362 (s), 1309 (w), 1261 (s), 1224 (s), 1097 (m), 1033 (w), 954 (w), 917 (w), 762 (w),
512 cm-1 (w); 1H NMR (C6D6, 23 °C )  4.90 (br s,1H, NH), 1.86 (septet,J = 6.6 Hz, 1H,
CH(CH3)2), 1.24 (s, 9H, C(CH3)3), 1.05 (d,J = 6.6 Hz, 6H, CH(CH3)2); 13C{1H} NMR (C6D6, 23
°C, ppm)  175.60 (s,C=O), 50.39 (s,C(CH3)3), 36.21 (s,CH(CH3)2), 28.79 (s, C(CH3)3), 19.95
(s, CH(CH3)2).
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Preparation of 19. A 100 mL Schlenk flaskwas charged with NbCl4(THF)2 (0.500 g, 1.31
mmol), potassium salt of[tBuNCMeO]- (0.815 g, 5.24 mmol), and 30mL of diethyl ether was
added slowly at-78 ð° C while stirring. The solution turned deep purple uponwarming to room
temperature,and it was allowed to stir overnight, at which time thevolatile components were
removed under reduced pressure to yield a purplesolid. Sublimation of the crude solid at 120
°C/0.05 Torr afforded19 as deep purple polycrystalline solid (0.554g, 77%): mp 143-145 ”C; IR
(Nujol): ðn = 1563 (s), 1365 (s), 1339 (s), 1217 (s), 1050 (m), 1036 (m), 994 (m), 922 (w), 838
(m), 778 (m), 602 (s), 583cm-1 (s); Anal. Calcd for C24H48CN4NbO4: C, 52.07; H, 9.47; N,
10.12. Found: C,51.97; H, 8.72; N, 10.27.
Preparation of 20. In a fashion similar to19, treatment ofNbCl4(THF)2 (0.500g, 1.31mmol) to
the potassium salt of[tBuNCEtO]- (0.872 g, 5.25 mmol)in diethyl etherafforded20 asa deep
purple polycrystalline solid (0.552 g, 81%)upon sublimation at 140 °C/0.05 Torr: mp 105-108
”C; IR (Nujol): ðn = 1571 (s), 1377 (s), 1364(s), 1306 (w), 1260 (m), 1215(m), 1154(w), 1063
(br), 1042 (br), 976 (w), 800 (w), 722 cm-1 (m); Anal. Calcd forC28H56N4NbO4: C, 55.52; H,
9.32; N, 9.25. Found: C, 54.99; H, 9.42; N, 9.12.
Preparation of 21. In a fashionsimilar to19, treatment ofNbCl4(THF)2 (0.500g, 1.31mmol) to
the potassium salt of[tBuNCiPrO]- (0.893 g, 5.24 mmol) in diethyl etherafforded21 asa deep
purple polycrystalline solid(0.725 g, 83%)upon sublimation at 180 °C/0.05 Torr: mp 266-268
”C; IR (Nujol): ðn = 1598 (m), 1543(m), 1340 (s), 1368 (s), 1302 (m), 1211 (m), 1105(br), 1014
(m), 925 (w), 894(w), 846(w), 725cm-1 (m); Anal. Calcd for C32H64N4NbO4: C, 58.08; H, 9.75;
N, 8.47. Found: C, 58.01; H, 9.93; N, 8.36.
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Preparation of 22. In a fashion similar to19, treatment ofNbCl4(THF)2 (0.500g, 1.31mmol)
with the potassium salt of[tBuNCC2F5O]- (1.253g, 5.27 mmol) in diethyl etherafforded22 asa
deep purple polycrystalline solid (0.797 g, 71%) upon sublimation at 120 °C/0.05 Torr: mp 98-
100 ”C; IR (Nujol): ðn = 1563 (s), 1365 (s), 1339 (s), 1217 (s), 1050 (m), 1036 (m), 994 (m), 922
(w), 838 (m), 778 (m), 602 (s), 583cm-1 (s); Anal. Calcd for C24H32F20N4NbO4: C, 31.56; H,
3.53; N, 6.13. Found: C, 31.66; H, 3.30; N, 5.96.
Preparation of 23. In a fashion similar to19, treatment ofNbCl4(THF)2 (0.500g, 1.31mmol)
with the potassium salt of[iPrNCEtO]- (0.816g, 5.24 mmol) in diethyl etherafforded23 asa
deep purple polycrystalline solid (0.486 g, 67%) upon sublimationat 110 °C/0.05 Torr: mp 102-
104 ”C; IR (Nujol): ðn = 1598 (s), 1464 (s), 1378 (s), 1342 (s), 1186(m), 1048 (m), 980 (m),
968(w), 886 (m), 723 (m), 617 (m), 612cm-1 (m); Anal. Calcd for C24H48N4NbO4: C, 52.45; H,
8.80; N, 10.19;Found: C,52.40; H, 8.94; N, 9.98.
Preparation of 24. In a fashion similar to19, treatment ofNbCl4(THF)2 (0.500g, 1.31mmol)
with the potassium salt of [iPrNCtBuO]- (0.816g, 5.24 mmol) in diethyl etherafforded24 asa
deep purplepolycrystalline solid (0.459 g, 58%) upon sublimation at 110 °C/0.05 Torr: mp 98-
100 ”C; IR (Nujol): ðn = 1600 (s), 1576 (s), 1498 (s), 1321 (s), 1153 (m), 1106 (m), 974 (m), 922
(w), 808 (m), 778 (m), 702 (s), 653 cm-1 (s); Anal. Calcd forC32H64N4NbO4: C, 58.08; H, 9.75;
N, 8.47. Found: C, 58.01; H, 9.93; N, 8.36.
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Preparation of 25. A 100 mL Schlenk flask was charged with a stir bar and sodium (0.06g,
2.61mmol). Mercury (6.00g, 29.92mmol)(1% w/w Na in Hg) was slowly added, stirred for 3
min. followed by25 mL of diethylether.TaCl5 (0.5 g, 1.395 mmol) was adde, followed by slow
addition of 4-tert-butylpyridine (0.5 mL, 4.02mmol). Resulted deep blue solution was stirred
overnight andpotassium salt of[NtBuOCEt]-, (0.944 g,5.590 mmol) in 20ml of diethyl ether
was cannulated slowly at-78 ð° C while  stirring. The solution turned deep red uponwarmingto
room temperature,and it was allowed to stir 24 h, at which time thevolatile components were
removed under reduced pressure to yield a purplesolid. Sublimation of the crude solid at 130
°C/0.05 Torr afforded25 asa deep purple polycrystalline solid (0.258 g, 27%): mp 158- 60 ”C;
IR (Nujol): ðn = 1604 (s), 1618(m), 1575 (m), 1567 (s), 1376 (s), 1313 (m), 1288(m), 1215(m),
1155(m), 1048(m), 981 (m), 890 (w), 722cm-1 (m); Anal. Calcd for C28H56N4O4Ta: C, 48.48;
H, 8.14; N, 8.08. Found: C,49.96; H, 7.80; N, 7.79.
Preparation of 26. In a fashion similar to25, treatment ofTaCl5 (0.500g, 1.395mmol), sodium
(0.06g, 2.61mmol) and mercury (6.00 g, 29.92 mmol)(1% w/w Na in Hg)with the potassium salt
of [tBuNCiPrO]- (0.856 g, 5.24 mmol) in diethyl ether(30 mL) afforded26 as a deep purple
polycrystalline solid (0.357 g, 29%) upon sublimation at 120 °C/0.05 Torr: mp 162-165 ”C; IR
(Nujol): ðn = 1695(w), 1618 (w), 1566 (s), 1377(s), 1312(m), 1215(s), 1063(m), 1047(w), 722
cm-1 (m); Anal. Calcd for C32H64N4O4Ta: C, 51.26; H, 8.60; N, 7.47. Found: C,49.05; H, 8.56;
N, 7.09.
Preparation of 27. In a fashion similar to25, treatment ofTaCl5 (0.500g, 1.395mmol), sodium
(0.06g, 2.61mmol) and mercury (6.00g, 29.92 mmol)(1% w/w Na in Hg) witht e potassium salt
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of [tBuNCMeO]- (0.793 g, 5.25 mmol) in diethyl ether(30 mL) afforded27 as a deep purple
polycrystalline solid(0.357 g, 29%) upon sublimation at 120 °C/0.05 Torr: mp 255-258 ”C; IR
(Nujol): ðn = 1677 (s), 1602 (s), 1598 (s), 1342 (s), 1052 (m), 1036 (m),1030(m), 978 (w), 838
(m), 784 cm-1 (m); Anal. Calcd forC24H48N4O4Ta: C, 45.21; H, 7.59; N, 8.79. Found:C, 46.31;
H, 7.84; N, 8.52.
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CHAPTER 4
HYDROGEN ABSTRACTION REACTIONS OF NIO BIUM AND TANTALUM  -
IMINOKETONE COMPOUNDS
4.1 Introduction
Transition metal complexes facilitatebond formation and bond cleavage reactions
through redox processes.To that end, oxidative addition and reductive elimination reactions are
consideredas twoelectron redox processes while one electron redoxreactionsare accompanied
by radicalprocesses. Recently, ligand-centered redox processeshaveattracted much attention
due to potentialapplications in catalytic bond forming and breaking reactions.70 Also there area
number ofother reportsthat highlight the existence of ligand-localized ðp-radical species as key
intermediates incatalyticreactions.71 The  -diimine class of ligands have been widely studied in
this regard while their -iminoketone congeners arer lativelyundeveloped.72
Amine ligands, in general, are strong -donors and have poorðp-accepting capabilities. -
Iminoketone ligands are weaker  -donors than their -diimine congeners.The synthesisof  -
iminoketone ligandsis straightforward and they can be sublimed or distilled outfrom the crude
materials inpure form. Furthermore,the functional groups can be altered to adjusttheelectronic
propertiesand reactivity of the metal complexes.70,71 These ligands are redoxnon-innocentand
may initiatebond cleavage or bond formationof transition metal complexesthrougha redox
process.  -Iminoketone ligands canexist in three different redox states namely, closed shell di-
anion (L2-), ðp-radical monoanion (L 1-), and neutral -iminoketone (L0) (Scheme 4).72 There are
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severalreports describing the role ofL  1- speciesas an intermediate of transitionmetal mediated
bond-forming reactions.72
Scheme4. Different RedoxStatesfor the  -Iminoketone Ligand with Their Characteristic Bond
Distances (¯ ).
Wieghart and co-workers72 have reported the electronic properties of  L 1- species,  which
have been characterized by EPR studies and DFT calculations of several first row transition
metal  -iminoketone complexes.73 They have highlighted that theuseof bond lengthsaloneas a
parameter to elucidate the metal oxidation states can be misleading and several spectroscopic
techniques and/or computational calculations have to be used to define the metal oxidation state.
 -Iminoketone ligand-containing palladium compounds have been found to catalyze olefin
polymerizations.74 Ease of fine-tuning the the R groups to obtain the desired electronic and steric
properties for the catalytic activity of the palladium compounds were addressed.The ability to
form selectivelyor breakbondsis an important aspectin catalysis. Soper and co-workers75 have
found that the redox-active nature of -aminophenolateligands on a Co(III) metal center
mediatesCo-Cl bond formation reactions.
Mashima and co-workers76 have recently reportedan example ofa controlled carbon
radical generationprocess from  -diimine Ta(V) complexes, which highlights the redox-
noninnocent character of theligand. Treatment of TaCl5 with one equivalent of -diimine ligands
(L0) (L2-)
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R1
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R1
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in the presence ofan organosilicon-basedreducing agent, afforded the tantalum(V) -diimine
compound[RL2-]Ta(V)Cl3 (Scheme 5).76 Treatment of CHCl3 with [RL2-]Ta(V)Cl3, whereR =
H, the  -dimine ligand whichis in the L2- state oxidized to generate anelectron, which induced a
C-Cl bond cleavage. NMR experiments suggested that the generated electron was transferred to
the alkyl halide fragment and form a TaCl4[RL  1-] species.Similar treatmentwith CHCl3 to [RL2-
]Ta(V)Cl3, where R = CH3, induced aC-Cl bond cleavage followed byhydrogen atom
abstraction fromligand backboneCH3 to form a dehalogenated product, CH2Cl2 through a
TaCl4[L  1-] intermediate, which is detected by1H NMR. Hence, these ligand centered radical
generation pathways opennew synthetic routes for bond cleavage andradical coupled catalytic
reactions.
Scheme5.76 C-Cl Bond Cleavage and Hydrogen Abstraction of CHCl3 via a  -Diimine Ta(V)
Compound.
Chapter 3 describes the synthesis and characterization of niobium and tantalum amidate
complexes and the assessment of their thermal stability and volatility properties. In order to
explore novel classes of low valent group 5 compounds as potential precursors for ALD, attempts
were made to synthesize complexes with -iminoketone ligandsystems.This chapter describes
the synthesis, structure, and properties of anew classof niobium andtantalum complexes of the
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formula M(tBuNCHCtBuO)2(tBuNCHCHtBuO). These complexesare the result of ahydrogen
atom abstractionby one of the ligands, and have been structurally characterized by NMR, IR,
CHN microanalyses, X-ray crystallography, and computational calculations.
4.2Synthesis and Structural Characterization
Treatment of NbCl4(4-tBupy)2 with four equivalents of sodium radical anion of(E)-1-
(tert-butylimino)-3,3-dimethylbutan-2-one, (Na+L  -) in diethyl ether ledto the isolation of
Nb(tBuNCHCtBuO)2(tBuNCHCHtBuO) 28 (55%) as deep reddish brown crystals. Analogous
treatment of TaCl4(4-tBupy)2 with four equivalents of Na+L - followed by workup afforded
Ta(tBuNCHCtBuO)2(tBuNCHCHtBuO), 29 (37%) as reddish purple crystals(eq.11). Treatment
of three equivalents ofNa+L - with NbCl4(tBupy)2 led to lower yields(0-14%). An additional
equivalent of the ligand radical anion was essential for the completion of the reaction, suggesting
a complex mechanism involving the fourth equivalent of the ligand.
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Complexes28 and29 were identified by1H NMR, 13C{1H} NMR, infrared spectroscopy,
CHN microanalyses, and by X-ray crystallography as describedherein. 1H and 13C{1H} NMR
spectra of 28 and 29 showed the expected resonances for two chemically equivalent
tBuNCHCtBuO ligands and another set of resonances for tBuNCHCHtBuO ligand.In the 1H
NMR spectraof 28 two chemicallyequivalent tBuNCHCtBuO ligandsexhibit two singlets for
the tert-butyl protons that are onthe  -carbonandimino nitrogenatomsbetweend 1.24 and 1.40,
and also show a singlet aroundd 6.48 for the imine hydrogen atom.The tBuNCHCHtBuO ligand
shows a separate set oftert-butyl resonances betweend 1.02 and 1.13 and the imine hydrogen
appears around d 8.02. Additionally, the abstracted hydrogenatomshows a singlet atd 5.18. To
probe the origin of theabstractedhydrogen atom in28, the synthesis of28 was repeated in 99.8%
THF-d8. Workup, crystallization in hexanes, followed by 1H NMR analysis, indicated no
significant changein the spectrum. This experiment is consistent with thesolvent is not the
source of theabstracted hydrogen atomin 28. The1H NMR spectrumof 29 is very similar to that
of 28, but shows a broadtert-butyl peak forthe protons that are onthe imino nitrogenatomof
tBuNCHCtBuO. Comparable to that of28, tBuNCHCHtBuO alsoshows an isolatedset oftert-
butyl resonances betweend 0.98 and 1.18 and the imine hydrogenatomappears around 8.15.
Additionally, the abstracted hydrogenatom appears asa singlet atd 6.42.
Simplified structuraldiagramand perspective views of28 and29 are presented inFigures
21, 22, and 23respectively.Crystallographic data, selected bond lengths,and bond angles are
presented inTables19-21. In the solid state,the structure of29 is very similar to that of28. Both
complexes contain twotBuNCHCtBuO ligandsand onetBuNCHCHtBuO ligand. In 28, Nb-O
distances range from 1.9806(12) to 2.0043(14)¯ and Nb-N range from 2.0246(14) to 2.351 (15)
¯ , and are consistent withðk2 coordination.  In29, the Ta-O distances range from 1.992(2) to
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1.997(3) and Ta-N distancesrange from2.0246(14)to 2.3512(15)¯ . Notably, the longer M-N
bond is associated withthe tBuNCHCHtBuO ligand. The tBuNCHCtBuO ligand core C-N
distancesrange from 1.395(2) to 1.484(2) ¯ in28 and 1.406(4) to 1.3956(3) ¯ in29, which are
shorter and longer than that of formal C-N single and double bonds.In tBuNCHCHtBuO, a much
shorter C-N distance of 1.276(4)¯ in 28 and 1.274(5)¯ in 29 suggest a formalC-N doublebond
and longer C-C bond distance of 1.507(3)¯ in 28 and 1.5383(3)¯ in 29 accounts for a formal
single C-C bond(Table 18). Moreover, the bond angles around theligand core -carbon atom
(109ð° -111ð° ) of tBuNCHCHtBuOsuggest a tetrahedralgeometry. Both complexes exhibit planar
geometry (~120ð° ) aroundthe  -carbon atoms of thetwo tBuNCHCtBuOligands.
TaN(8)
O(4)N(3)
O(3)
N(1)
O(1)
N(2)O(2)
152.48(3)
157.87(3)o
O(3)
N(6)
O(2)N(11)
152.6(2)o
157.9(1)o
tBu H
1.276(2)1.507(3)1.397(2)
1.274(5)
tBu
H1.386(4)
1.500(5)
Nb
tBu
tBu
(28) (29)
Figure 21. Structural similarity of28 and29. Tert-butyl groups oftBuNCHCtBuO ligands are
removed for clarity, and bond lengths oftBuNCHCHtBuO ligand cores and bond angles of N-M-
N’ and O-M-N’ are presented.
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Complexes28, and 29 both exhibit distorted octahedral geometry around the metal
centers.The interligandO-M-N and N-M-N’ angles are 152.48(3)ð° and 152.87(3)ð° ; 28 and
152.6(2)ð° and 157.9(1)ð° ; 29, poses distorted octahedral geometry(Figure21). IntraligandO-M-N
angles ranged from74.04(5)ð° to 79.37(5)ð° ; 28, and 73.6(1)ð° to 80.0(1)ð° ; 29.
Table 18. C-N, C-C, and C-O bond lengths.67
Bond type C-C C=C C-N C=N C-O C=O
Distance  / ¯ 1.54 1.34 1.47 1.27 1.43 1.22
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Table 19. Crystal data and data collection parameters for28 and29.
28 29
Formula C30H57N3NbO3 C30H57N3TaO3
FW 600.7 631.30
space group P21/c P21/c
a (¯) 17.4181(7) 17.3851(17)
b (¯) 11.5958(5) 11.5424(8)
c (¯) 17.8704(8) 17.8067(12)
 (deg) 112.843(2) 112.903
V (¯ 3) 3326.3(2) 3291.5(4)
Z 4 4
T (K) 100(2) 100(2)
 ( ¯) 0.71073 0.71073
 calcd (g, cm-3) 1.199 1.270
 (mm -1) 0.393 3.366
R(F)(%)a 3.07 5.40
Rw(F)(%)b 8.02 9.47
aR(F) = Fo -Fc   Fo b Rw(F) = [ w(Fo2 - Fc2)2/  w(Fo2)2]1/2, for I > 2(I)
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Figure 22. Perspective view of28 with thermal ellipsoids at the 50% probability level.
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Table 20. Selected bond lengths (¯) and angles (deg) for28.
Nb(1)-O(2) 1.9806(12) O(2)-Nb(1)-O(3) 101.80(5)
Nb(1)-O(3) 1.9904(13) O(2)-Nb(1)-O(1) 83.56(5)
Nb(1)-O(1) 2.0043(12) O(3)-Nb(1)-O(1) 163.31(5)
Nb(1)-N(3) 2.0246(14) O(2)-Nb(1)-N(3) 87.90(5)
Nb(1)-N(1) 2.1061(14) O(3)-Nb(1)-N(3) 79.37(5)
Nb(1)-N(2) 2.3512(15) O(1)-Nb(1)-N(3) 116.86(5)
O(2)-C(12) 1.397(2) C(2)-C(1)-N(1) 115.59(15)
N(2)-C(11) 1.276(2) O(1)-C(2)-C(1) 113.79(15)
N(2)-C(17) 1.503(2) O(1)-C(2)-C(3) 116.88(14)
C(11)-C(12) 1.507(3) C(1)-C(2)-C(3) 129.28(15)
C(12)-C(13) 1.543(3) N(2)-C(11)-C(12) 120.19(17)
O(1)-C(2) 1.341(2) O(2)-C(12)-C(11) 109.09(15)
N(1)-C(1) 1.395(2) O(2)-C(12)-C(13) 110.03(15)
N(1)-C(7) 1.502(2) C(11)-C(12)-C(13) 112.83(16)
C(1)-C(2) 1.346(2) N(3)-Nb(1)-N(1) 99.09(6)
C(2)-C(3) 1.507(2) O(2)-Nb(1)-N(2) 74.04(5)
O(3)-Nb(1)-N(2) 84.13(5)
O(1)-Nb(1)-N(2) 82.18(5)
N(3)-Nb-N(2) 152.48(3)
N(1)-Nb-O(2) 157.87(3)
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Figure 23. Perspective view of29 with thermal ellipsoids at the 50% probability level.
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Table 21. Selected bond lengths (¯) and angles (deg) for29.
Ta(1)-O(2) 1.992(2) O(2)-Ta(1)-O(3) 82.7(1)
Ta(1)-O(3) 1.968(3) O(2)-Ta(1)-O(4) 162.5(1)
Ta(1)-O(4) 1.967(2) O(2)-Ta(1)-N(6) 82.1(1)
Ta(1)-N(6) 2.343(3) O(3)-Ta(1)-N(6) 73.6(1)
Ta(1)-N(8) 2.007(3) O(3)-Ta(1)-N(8) 89.0(1)
Ta(1)-N(11) 2.093(3) O(3)-C(42)-C(44) 108.8(3)
O(2)-C(5) 1.349(4) C(44)-C(42)-C(59) 112.7(3)
O(3)-C(42) 1.386(4) N(6)-C(44)-C(42) 120.0(3)
O(4)-C(7) 1.368(4) N(6)-C(46)-C(47) 107.3(3)
C(5)-C(27) 1.342(5) Ta(1)-N(6)-C(44) 109.8(2)
N(6)-C(44) 1.274(5) C(5)-C(27)-N(11) 116.0(3)
N(6)-C(46) 1.501(5) N(6)-C(46)-C(55) 106.8(3)
C(42)-C(44) 1.500(5) O(2)-C(5)-C(27) 113.7(3)
C(42)-C(59) 1.543(5) O(2)-C(5)-C(29) 116.6(3)
N(11)-C(14) 1.515(5) Ta(1)-O(2)-C(5) 120.8(2)
N(11) - C(27) 1.392(5) Ta(1)-O(3)-C(42) 123.2(2)
Ta(1)-O(4)-C(7) 114.0(2)
N(11)-Ta-O(3) 157.9(1)
N(8)-Ta-N(6) 152.6(2)
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4.3 Theoretical Calculations
In order toinvestigatethe metal oxidation state and hydrogenatomabstractionby one  -
iminoketone ligand, DFT calculations wereperformedon severalputative intermediates and
hypothetical gallium -iminoketone analogsas explained herein. Calculations were carried out
with the B3LYPdensity functional.57 The SDD basis setwas used for Nb, and6-31G(d,p)was
usedfor all main group elements.57 Large alkyl groupswerereplaced bymethyl groupsto speed
up geometry optimizations.The calculated bond distancesand the respective structuresof the
species,are shownin the Figure 24. The calculatedbond lengths of30 are in good agreement
with the actualcrystallographic dataof 28. Initially, it was assumed that the intermediate31
forms prior to the hydrogen abstraction.31 has two fully reduced closed shell di-anionic L2-
ligands andone ðp-radical monoanionicL  1- ligand, henceit is in the S = 1/2 state. In order to
validate that the reaction occurs through the putative intermediate31, a series of gallium -
iminoketone analogs werecalculated. Gallium is in group 13 and has a filled shell of dorbitals.
Therefore, the involvement of the metalorbitalsis restricted and only the ligand electron transfer
is possible.The putative gallium structure of32, is consistent with oneneutral  -iminoketone,L0
and two L2- ligands, henceit is in the S = 2/2 state and theoverall charge of the complex is +1.
Structure33, has threeL  1- ligands coordinated to the metal center (S = 3/2) and is in the +3
oxidation state.The bond distances of32 and33 arenot comparable to thoseof 31. Therefore we
examinedintermediate34 (S = 2/2), which consists of two fully reduced L2- ligands and oneL  1-
ligands. The calculated bond distancesof 34 were found to be in good agreement with31, and
the validityof intermediate31 was thereforeconfirmed.  With these findings, the geometry of a
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Figure 24. Structures and calculated bond distances for30-34 and a comparison of bond
distancesof 30 with actual bond lengthsof 28 (in red).
Figure 25. Structures of28, 29, 35, andspin density plot ofthe hypothesized intermediate35.
89
possibleintermediate for28 and29 was optimized (35). The structures of28, 29,35 and the spin
density plot of35 are presented in the Figure25. Geometryoptimization of the neutral doublet35
produced a non-C3 symmetric structure as evidenced by the spin density plot. This plot shows
that the radical character is mostly localized at a single iminoketone,validating the presence of
one doubly reducedtBuNCHCtBuO ligands and one tBuNCHCHtBuO ligand, which is aðp-
radical monoanion.Thesecalculations confirmed that the niobium metal center is in +5 oxidation
state and the reaction proceeds through a radical intermediate35, in which hydrogen abstraction
occurs after the formation ofthe intermediate.
4.3 Conclusion
A series of reactions was carried out to synthesize low valent -iminoketonatecomplexes
of niobium and tantalum as potential precursors for ALD.Treatment of NbCl4(tBuPy)2 with four
equivalents ofNa+L - in diethyl ether afforded (28, 55%) and asimilar reaction employing
TaCl4(4-tBupy)2 afforded the tantalum analog(29, 37%). X-ray crystal structure determinations
demonstrated that28 and 29 each contain two dianionictBuNCHCtBuO ligands and one
iminoalkoxy ligand tBuNCHCHtBuO. Toexplain the structural featuresof 28, 29, and the fact
thatonly one ligand undergoeshydrogen abstraction, density functional theory calculations were
carried out on models (replacing tBu with Me) of28, putative gallium analogs, and thepossible
intermediate30. The bond distances of the gallium analog35 werecomparable to thatof 30, and
validated the formation of an intermediate complex prior to the hydrogen abstraction. More
evidence was  gathered from the spin density plot of30, which suggested that the electron density
is localized on one ligand hence the system consists of one radical anionic ligand and other two
ligands are doubly reduced.
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4.4Experimental Section
General Considerations.All manipulations were carried out under argon using either
Schlenk or glove box techniques. Diethylether was distilled from sodium benzophenone ketyl,
andhexane was distilled from P2O5. TaCl5, NbCl4(THF)2 and sodium metal wereobtained from
Strem Chemicals Inc. and used as received. Mercury was obtained from Fisher Scientific Inc. and
purified prior to use.4-tert-Butylpyridine was obtained from Acros Organics andwasdistilled
under argon prior to use.
1H and 13C{1H} NMR spectra were obtained at 500, 400,300, 125, or 75 MHz in
benzene-d6 or toluene-d8 and were referenced to the residual proton and the13C resonances of the
solvents. IR spectra were obtained using Nujol as the medium. Melting points were determined
on an Electrothermal Model 9200 melting point apparatus and are uncorrected. Elemental
analysis was performed by Midwest Microlab, Indianapolis, IN.Magnetic susceptibility
measurements were determined usingthe Evans method61 with a 500 MHz NMR spectrometer
anda Johnson-Matthey magnetic susceptibility balance.
Preparation of 3,3-dimethyl-2-oxobutanal; A 250 mL round bottom flask was charged
with a stir bar, 125mL of ethanol, and pinacolone(30.16g,  300mmol). Selenium(IV)oxide
(34.00g, 306mmol) was then added slowly, and the resultant mixture was refluxed for 36 h. The
solution turned to yellowish brown and3,3-dimethyl-2-oxobutanalwas isolated(30.21g, 87%) as
a bright yellow oilby fractional distillationof the reaction mixturewith a 50mm vigreux column
at 110ð° C/1 atm and usedimmediatelyfor parallel syntheseswithout further purification.
Preparation of 1-(tert-butylimino) -3,3-dimethylbutan-2-one; A 200 mL round bottom
flask was charged with a stir bar, 100ml of diethylether, and3,3-dimethyl-2-oxobutanal(20.00
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g, 175mmol). This solution was cooled to 5ð° C in an ice bath andtert-butyl amine(18.50mL,
176 mmol) was added slowly and stirred for 12h at room temperature.1-(tert-butylimino)-3,3-
dimethylbutan-2-one was isolated in the pure form(21.33g, 72%) by rotary-evaporation. 1H
NMR (benzene-d6, 23 °C),  1.19 (S, 9H, OCC(CH3)3); 1.25 (S, 9H, N(CH3)3); 7.61 (S, 1H,
N=CH); 13C{1H} NMR (benzene-d6, 23 °C, ppm)  26.75 (s, OCC(CH3)3); 28.87 (s,
NCC(CH3)3); 43.81(s, OCC(CH3)3);  58.55(s, NC(CH3)3); 152.97(s, OCC(CH3)3); 206.47(s,
NCC(CH3)3).
Preparation of Nb(tBuNCHCtBuO)2(tBuNCHCHtBuO) 28: A 100 mL Schlenk flask
was charged with a stir bar, 5mL of diethyl ether, and1-(tert-butylimino)-3,3-dimethylbutan-2-
one(0.500 g, 3.00mmol). Small pieces(1mm) of sodium (0.068g, 3.00mmol) was then added
to this mixture and resultant brownish red solution was stirred for 6h. Then a slurry of
NbCl4(tBuPy)2 (0.280g, 0.75mmol) in diethylether (30 mL) was cannulated slowly at 5ð° C and
stirring was continuedfor 24 h at ambient temperature.  The volatile components were then
removed under vacuum to leave a brownish-red paste. Hexane (30 mL) was added and the
mixture was filtered through 2 cm pad of Celite on a coarse glass frit to yield a brownish-red
filtrate, which upon evaporation under reduced pressure gave28 as a brownish-red paste.
Sublimation of the crudeproductat 140”C/0.05 Torr affordeda purple solid, which was taken
were recrystallized in hexane/toluene5:1 mixture to afford analytically pure crystals of28
(0.246 g, 55%): mp 140-142 ”C; IR (Nujol):ðn = 3337 (w), 2722 (w), 1546 (m), 1523 (m), 1506
(m), 1324 (s), 1302 (m), 1253 (s), 1236 (s), 1219 (m), 1207 (m), 1103 (m), 1029 (m), 804 (s),
759 cm-1 (w); 1H NMR (benzene-d6, 23 °C),  1.00 (s, 9H, OCH(CH3)3), 1.13 (s, 9H,
CN(CH3)3), 1.24 (s, 18H, two OCH(CH3)3), 1.40 (s, 18H, two CN(CH3)3), 5.18 (s, 1H,
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CHN(CH3)3), 6.46 (s, 2H, two CHN(CH3)3), 8.02(s, 1H, (CH3)3N=CH); 13C{1H} NMR(benzene-
d6, 23 °C, ppm),  26.48 (s, C-(CH3)3), 28.81 (s, C-(CH3)3), 30.01 (s, C-(CH3)3), 34.60 (s, C-
(CH3)3), 34.71 (s,C-(CH3)3), 36.08 (s,C-(CH3)3), 37.52 (s,C-(CH3)3), 59.99 (s, OCC-(CH3)3),
60.54 (s, OCC-(CH3)3),  91.15 (s, (CH3)3CHO), 171.25 (s,C=N(CH3)3; Anal. Calcd for
C30H58N3NbO3: C, 59.88; H, 9.72; N, 6.98. Found: C, 59.79; H, 9.68; N, 7.08.
Preparation of Ta(tBuNCHCtBuO) 2(tBuNCHCHtBuO) 29: A 100 mL Schlenk flask
was charged with a stir bar, 5mL of diethyl ether, and1-(tert-butylimino)-3,3-dimethylbutan-2-
one(0.500g, 3.00mmol). Smallpieces (1mm) of sodium (0.07g, 3.00mmol) were thenadded
to this mixture and resulting brownish red solution was stirred for 12h at room temperature.
Another 100 mL Schlenk flask was charged with a stir bar and sodium (0.02g, 0.8 mmol).
Mercury (2.00g, 10.00mmol)(1% w/w Na in Hg) was slowly adde, stirred for 3 min. followed
by the addition of 25 mL of diethyl ether.TaCl5 (0.266 g, 0.75 mmol) wasthenadded, followed
by slow addition of 4-tert-butylpyridine (0.25 mL, 2.01mmol). Resulted deep blue solution was
stirred for further 6 h and then cannulated to the first flask at 5ð° C. The solution turned to deep
red upon warming toambient temperatureand was allowed to stir for another 24h. The volatile
components were then removed under vacuum to leave a brownish-red paste. Hexane (30 mL)
was added and the mixture was filtered through 2 cm pad of Celite on a coarse glass frit to yield a
red filtrate, which upon evaporation under reduced pressure gave29 as a red paste. Sublimation
of the crudeproductat 120”C/0.05 Torr afforded a purple-red solidin which wasrecrystallized
in hexane/toluene5:1 mixture to afford analytically pure crystals of29 (0.192 g, 37%): mp 133-
135 ”C; IR (Nujol):ðn = 2724 (w), 2669 (w), 1713 (w), 1686 (w), 1660 (w), 1597 (w), 1376 (s),
1365 (s), 1259 (m), 1207 (m), 1135 (s), 1029 (m), 989 (m), 803 (m), 722cm-1 (m); 1H NMR
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(benzene-d6, 23 °C),  0.95 (s, 9H, C-(CH3)3), 1.15 (s, 9H, C-(CH3)3), 1.19 (s, 18H, two C-
(CH3)3), 1.39 (s, 18H, two C-(CH3)3), 5.05 (s,1H, CH3CHO), 6.39(s, 2H,-CHN(CH3)3), 8.12 (s,
1H, (CH3)3N=CH); 13C{1H} NMR(benzene-d6, 23 °C, ppm), ðd 26.63 (s, C-(CH3)3), 29.04 (s, C-
(CH3)3), 30.42 (s, C-(CH3)3), 36.68 (s,C-(CH3)3), 61.31 (s,C-N(CH3)3), 90.07(s, OCH-(CH3)3),
173.97 (s,C=N(CH3)3); Anal. Calcd forC30H58N3O3Ta: C, 52.24; H, 8.48; N, 6.09. Found:C,
52.08; H, 8.34; N, 6.08.
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CHAPTER 5
CONCLUSION
The oxidative additionof pyrazolate N-N bonds is scantly documented and represents a
novel route to potentially aromatic 6-membered metallacycles.3,5-Di-tert-butylpyrazolate N-N
bonds undergoes oxidative addition oniobium(III), niobium(IV), and tantalum(IV) ions to
afford complexes16-18 that contain planar metallapyrimidineand metallapyrimidinium groups
was prepared.Complexes16-18 contain planar, 6-membered conjugated rings with 6ðp-electrons,
and appear to satisfy the classic Hückel definition of an aromatic system. However, thetert-butyl
groups on the niobapyrimidine group in18 show two separate resonances in the1H NMR spectra
up to 90 °C, which does not support bond delocalization that would beexpected for an aromatic
group at these temperatures. Furthermore, nucleus independent chemical shift (NICS)
calculations demonstrate that the metallapyrimidine and metallapyrimidinium groups in16 and
18 are only weakly aromatic, and are much less aromatic than pyrimidine and the pyrazolate
ligands in16 and 18. The low aromaticity of the metallapyrimidine and metallapyrimidinium
groups in16-18 is surprising in view of their planar, conjugated structures and in comparison to
the many aromatic metallabenzenes and other aromatic metallacycles in the later transition
metals.Related oxidative additionreactionsemploying anionic nitrogen heterocycles such as
1,2,4-triazolate, 1,2,3-triazolate, and tetrazolate ions may lead to so-far unknown examples of
metallatriazines, metallatetrazines, and protonated versions thereof.
Additionally, we have synthesized andstructurallycharacterized a novel series of volatile
and thermally stable Nb(IV) and Ta(IV) amidate compounds19-27. High yields (~60-80%) and
excellent thermal properties were observed in the case of Nb(IV) amidate compounds suggesting
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the possibility of upgrading into a industrial scale manufacture.Decomposition temperatures
were found to be over 200ð° C for several compounds, while all the compounds demonstrated
sufficient volatility in the preparative sublimation experiments. Extreme air-sensitivity and in-
situ generation ofTaCl4(tBuPy)2 adducts may account for the relatively low yields (~25%) of the
Ta(IV) amidate compounds. Nevertheless, all compoundssublime at temperatures below 160 ð° C
and can be isolated in the pureform. The magnetic moment studies confirm that the oxidation
state of the metal centersis +4 in the solid sate and also in the solution. These Nb(IV) and Ta(IV)
amidate compounds may serve asthermally stable metal source compounds forALD thin film
growth of NbO2, TaO2, Nb2O5, and Ta2O5.
Also we have completed the synthesis and characterization of complexes28 and29 that
contain iminoketonate-derived ligands. Treatment of NbCl4(THF)2 with four equivalents of
Na[tBuNCHCtBuO] in diethyl ether affordedNb(tBuNCHCtBuO)2(tBuNCHCHtBuO) (28,
55%). A similar reaction employing TaCl4(4-tBupy)2 afforded the tantalum analog
Ta(tBuNCHCtBuO)2(tBuNCHCHtBuO) (29, 37%). X-ray crystal structure determinations
demonstrated that28 and 29 each contain two dianionic [tBuNCHCtBuO]2 ligands and one
iminoalkoxy ligand [tBuNCHCHtBuO] . To understand28, 29, and the hydrogen abstraction
reaction, density functional theory calculations were carried out on models (replacing tBu with
Me) of 28 and the complex Nb(tBuNCHCtBuO)3 (35). Geometry optimization of the neutral
doublet35 produced a non-C3 symmetric structure as evidenced by its spin density plot. This plot
shows that the radical character is mostly localized at a single iminoketone, which suggests that
this complex contains Nb(V), two fully reduced [tBuNCHCtBuO]2 ligands, and one
[tBuNCHCtBuO]  radical anion ligand. This putative intermediate may explain why only a
single iminoalkoxy ligand is observed in our isolated products28 and29.
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This studyhighlights the synthesis and characterization of thermally stable and volatile
Nb(IV) and Ta(IV) amidate complexes as potential ALD precursors. Also air-sensitivity of these
compounds appeals the fact that these compounds are highly reactive and may form low valent
metal oxides upon treatment of mild oxidation agents like water at low temperatures, hence
retain the oxidation state during the ALD process. We found out thatthe redox behavior of -
iminoketonate ligands allowed the formation of stable Nb(V) and Ta(V) compounds via
hydrogen abstraction at the -carbon. We might be able to restrain the hydrogen abstraction by
adding substituent groups at the -carbon and/or completely removing the redox ability of the
ligand by adding less bulky substituent groups like methyls to the ligand backbone. We therefore
might be able to synthesize more Nb(IV) and Ta(IV) compounds with these modified ligand
systems and expand our scopeof compounds of potential group 5 low valent ALD precursors for
thin film growth of  MO2 thin films.
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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF GROUP 5 METAL COMPLEXES
CONTAINING PYRAZOLAT E, AMIDATE , AND RELATED LIGANDS AS
POTENTIAL PRECURSORS FOR THIN FILM GROWTH BY ATOMIC LAYER
DEPOSITION
by
THUDUWAGE HIRAN PERERA
May 2013
Advisor : ProfessorCharles H. Winter
Major : Chemistry (Inorganic)
Degree: Doctor of Philosophy
Atomic Layer Deposition (ALD) isan advanced variant of Chemical Vapor Deposition
(CVD) and is used to deposit smooth and conformal thin films for applications inthe
microelectronics industry. ALD requires metal precursors that aresufficiently volatile and
thermally stable at elevated temperatures. Several group 5 ALDand CVD precursors were
reported in the literature, whichhave beenused to depositTaN, NbN,Nb2O5, and Ta2O5 thin
films. Synthesis of low and mid valent group 5 metal ALD precursors might giveus access to
deposit NbO2, Nb2O3, Ta2O3, and TaO2 thin films by low temperatureALD pathwaysupon
applyingmild oxidation conditions. To this end,attempts were made to synthesizeniobium(IV)
and tantalum(IV) complexes from pyrazolate, amidate, and -iminoketone ligand systems.
Pyrazolate compounds undergo reductive N-N bond cleavage on Nb(IV) and Ta(IV) metal
centers and afford six membered metallacycles thatre analogous to metallapyrimidines and
metallapyrimidiniums.Two other pyrazolate ligands arefound to beintact andthefinal oxidation
state ofthe complexes were+5. Those metallacycles arenearlyplaner, conjugated,have6 ðp-
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electrons, and follow theHückel formalism, hence formally aromatic. In order to estimate the
aromaticity of those metallacyclesagainstpyrazoles and pyrimidines, NICS calculations were
performed.The metallacycles were found to be aromatic butonly weakly aromatic than that of
pyrimidines and pyrazoles.
In order tosynthesize metal complexesthatarein the +4 oxidation state,a novel class of
Ta(IV) and Nb(IV) amidate compoundswith avariety of substituent groupswere synthesized and
structurally characterized. All the compounds are monomeric and isolated bysublimation at
temperatures between 110-160 ð° C/0.05 Torr. Several compounds were crystallized in solution
and X-ray crystal structures were obtained to address the structural features. TGA/DTA traces,
melting points,and decomposition temperatureswereused for the thermal stabilityassessment
and preparative sublimation experiments were carried out to estimate the volatility properties.
We have identified severalcompoundsthat aresufficiently volatile and thermally stable, which
can be usedas precursors for ALD to deposit group 5 metal oxide thin films.
Due to the fact thatthe limited availability of group 5 ALD precursors,we have
synthesized niobium and tantalum compounds from -iminoketonateligands.The six-coordinate
niobium and tantalum -iminoketonate complexeswere structurallycharacterized byX-ray
crystallography and found that one ofthe  -iminoketone ligands undergo hydrogen abstraction at
the  -carbon atom. Further evidence of hydrogen atom abstraction was obtainedby 1H NMR
experiments.In order to understand the reaction mechanismDFT calculations were performedon
those compounds,several putative intermediates, and hypotheticalgallium  -iminoketone
analogs. The bond lengths of thepossibleintermediates and the experimental bond distances
werecompared and identified a plausible intermediate for the reaction. The resulted complexes
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were found out to be in the +5oxidation state and containtwo fully reduced  -iminoketone
ligands and one iminoalkoxi ligand, which is a formalðp-radical monoanion.
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